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ABSTRACT
The scope of this research project was to develop a 
bioremediation process for accelerated oxidation of 
bioresistant hazardous waste sludges in continuous flow 
sludge reactors. Benzo(a)pyrene (BaP) was selected as the 
target compound due its strong bioresistance, highly 
carcinogenic nature, extremely low aqueous solubility, and 
extremely low allowable release limits for land disposal.
BaP is often a major hazardous organic component in 
many hazardous waste impoundments when source wastes have 
originated from either petroleum refining or associated 
petrochemical facilities. There is evidence that the 
biodegradation rate of high molecular weight polynuclear 
aromatic hydrocarbons (PNA's) is the rate limiting step in 
1iquid-so1ids contact systems in spite of the low 
solubilities of these compounds (Sherman et al., 1989) .
The biological half-lives reported in the technical 
journals for low concentrations of high molecular weight 
PNA's typically varies from 1-3 years for land disposal, 
1-3 days in static batch reactors, and 2-3 days in mixed 
batch reactors. There is virtually no published data for 
successful treatment of high concentrations of PNA's in 
high-solids suspended growth reactors.
The recalcitrance of the PNA's is believed due to the 
lack of suitable co-substrates containing primary source 
carbon which would permit rapid acceleration of the 
biodegradation process and foster fortuitous transformation
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of BaP and other PNA's.
Bench-scale pulsed-flow continuous sludge reactors 
feeding petrochemical sludge containing 8,700 - 35,000 mg 
BaP/kg of dry feed solids averaged 90% w/w destruction at 
equilibrium conditions. The biological half-life of BaP 
varied from 0.8-1.4 days and demonstrated that an enhanced 
environment increased the destruction of BaP at rates up to
2.5 times faster than mixed batch reactors, and 300-1000 
times faster than land treatment. Steady state models were 
developed which predicted total suspended solids, BaP 
substrate, and oil co-substrate concentrations.
The rapid contact bioremediation process (RCBP) 
developed in this dissertation research, has demonstrated 
that destruction of the anthropogenic-source annual 
production and existing accumulations of bioresistant toxic 
hydrocarbons is a practical goal. This research describes 
how indigenous microbial consortia can adapt to new 
strategies for destruction of bioresistant compounds if the 
microbial environment is appropriately enhanced.
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CHAPTER X 
INTRODUCTION
The application of biological processes for the 
treatment of organic sludges and contaminated soils is a 
new technology which offers an alternative to incineration 
as a method of destroying or altering hazardous 
constituents. The process also can reduce the toxicity and 
migration potential of many organic compounds present in 
petrochemical or other industrial hazardous waste streams. 
The development of alternative technologies such as 
bioremediation is also mandated by the promulgation and 
enforcement of specific regulations (so-called "hammer 
clauses") contained in the Resource Conservation and 
Recovery Act (RCRA) which regulates the management of 
hazardous wastes and includes requirements that land 
disposal of several waste streams cease after given dates 
unless in-force treatment standards for the wastes have been 
met. The amendments to the National Contingency Plan (the 
"Superfund" directives) require that remedial action 
alternatives chosen at the specified cleanup sites, reduce 
the "volume, toxicity, and mobility" of the wastes, and that 
the alternatives selected will be cost-effective, permanent, 
and acceptable to the public, to the maximum extent 
possible.
Bioresistant complex organic compounds are accumulating 
in the environment. One group of compounds, the complex 
5-ring and 6-ring polynuclear aromatic hydrocarbons (PAH's
1
2or PNA's), are reported to have increased significantly in 
agricultural soils between 1893 and 1987 <Jones, et al., 
1989a). The five PAH's considered by the United States 
Environmental Protection Agency (USEPA or EPA) as highly 
carcinogenic: benzo<a)anthracene (BaA), benzo(a)pyrene(BaP), 
benzo (b)fluoranthene (BbF), chrysene, and dibenzo(a,h) 
anthracene (DahA), showed increases in the soil surface 
layer from threefold to tenfold over the 94 year period. 
This information along with other source data verifies that 
accumulation rates of these dangerous carcinogens are 
expanding in the rhizosphere (root zone) of surface soils 
and that the rate of destruction by indigenous microbial 
consortia is lower than the deposition rate. These compounds 
have been also been deposited in large tonnages as pollutant 
mixtures in hazardous waste impoundments in the USA since 
the 1930's, dumped on agricultural and forested land, and 
leached or dumped into navigable water sources. The 
majority of these wastes result from improper waste 
management in the petroleum, coal tar, and aluminum smelting 
industries. The National Priorities List (NPL) is a list of 
sites, which was mandated by the Comprehensive Environmental 
Response, Compensation, and Liability Act of 1960 (CERCLA), 
"where a hazardous substance has been deposited, stored, 
disposed of, placed, or otherwise came to be located." At 
the end of 1988, there were 1174 sites either in proposed 
status or on the final list (Hart, 1991) . Additionally there 
are between 24000 - 30000 potential sites which contain some
3degree of these hazardous pollutant mixtures. Estimates of 
the annual tonnages emitted to the atmosphere of the highly 
carcinogenic 5-ring hazardous aromatic hydrocarbon, 
benzo(a)pyrene, in the USA alone, range from 300 - 1500 tons 
(Siebert, et al., 1978). Total hazardous wastes generated 
are estimated by the US Office of Technology Assessment to 
have reached a level between 275 and 560 million metric tons 
annually (OTA, 198 6) but private estimates have approached 
the one billion ton level (Schneider, 1988). A significant 
portion of this waste has been reduced by best available 
technologies (BAT) but USEPA has estimated that up to 90% of 
hazardous wastes have been improperly managed with respect 
to sound environmental strategies (USEPA, 1978). Catallo et 
al., (1989), has estimated that the cost of remediation of 
the "high priority" hazardous wastes is approximately one 
trillion dollars with BAT technologies. Additional private 
costs for pollution abatement from all other sources are 
estimated at the same level (OTA, 1986). An overview of the 
US financial public debt-ridden infrastructure predicts that 
required financing for hazardous waste elimination, and 
pollution abatement activities will not be available even in 
the distant future (Freidman, 1990). These pollutant 
abatement costs will have to include massive capital outlays 
for end-user potable water cleanup as subsurface ground 
water contamination spreads into potable-source aquifers 
unless accelerated cleanups of the most concentrated of the 
surface toxic pollutant mixtures commence in the short term.
AThus, there exists an urgent demand for development of 
biological reduction technologies that are cheap, portable, 
quick starting, demonstrate low operating and maintenance 
costs, and can be universally deployed over a wide range of 
sites.
The scope of this research is to study the development 
of a suspended growth process in continuous microcosms in a 
laboratory environment, which can be readily adapted to "in 
situ" field locations. The rapid bioremediation of 
petrochemical sludges will include biodegradation and 
partitioning of PNA's contained in these sludges with the 
objective of dramatically accelerating the destruction of 
these compounds through advanced biotechnology.
CHAPTER IX 
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The majority of the PNA accumulations are contained in 
waste impoundments which are typically adjacent to refining 
and petrochemical facilities, and do not undergo significant 
biodegradation. An identification of factors that promote 
biotransformation and destruction by the most efficient and 
cost-effective methods is important in structuring the 
current dissertation research. These factors include but are 
not limited to: identification of the chemical and physical 
characteristics of PNA's that curtail metabolism by natural 
indigenous consortia; review of strategies that would direct 
microbial populations to metabolize PNA's more efficiently; 
incorporation of other abiotic transformations for 
conversion of 5-ring aromatic PNA's to non-toxic polymers; 
and development of strategies for conditioning environments 
for higher efficiency biological oxidations. The 
microorganisms must be responsive and adaptive to 
continuously metabolizing sludge environments of toxic 
hydrocarbon pollutant mixtures and reproduce at a fast 
enough rate to make a continuous flow system feasible.
2.1 Character!atica and ConcentratIona of naturally
Occurring Polynuclear Aroaatic Hydrocarbona in Soils 
The biodegradation of an organic chemical is the 
modification or decomposition of the product to produce 
ultimately microbial cells, carbon dioxide, and water 
(Dragun, 1988). The PNA's are produced from both natural and
5
6anthropogenic sources. The quant ities of natural-source 
produced PNA's are relatively small and are principally 
from forest fires, while the anthropogenic sources include: 
liquid and solid wastes from the coal tar, refining, 
petrochemical, and ore-processing industries, plus air 
emissions from fossil fuel power plants, automotive sources, 
and other types of combustion. The majority of the PNA's 
exist in the semi-volatile solid form. The vast majority of 
the PNA's are found in the liquid and solid wastes which are 
contained in the classified and unclassified 24000-30000 
hazardous waste impoundments which are usually located near 
the production sources. Some PNA's have been discharged into 
adjacent navigable waters when the PNA's have been included 
in the effluents discharging from the industrial plants. 
Refining and petrochemical source PNA's are often found in 
the bottom sludges which build up in the API or other oily 
water separators. This dissertation will be primarily 
concerned with the removals of PNA's from contaminated soils 
and K051 hazardous sludges. A K051 hazardous waste is 
defined as a Superfund source waste originating in API 
separators.
The behavior of PNA's in soils and waste sludges must 
be understood to appreciate the behavior of high molecular 
weight condensed ring PNA's in aqueous and soil regimes. 
Soil adsorption has been defined as the equilibrium 
exchange of a cation in water with an exchangeable cation at 
the surface of the soil particle. This relationship can be
7mathematically stated as
k <des)
 > c%   (1)
< --------------------------------
k(ads)
where Ca = concentration adsorbed on soil surface (ug/g 
soil), C# = concentration in water (ug/ml), k(des) ■ 
desorption rate or transfer rate from adsorbed state to 
dissolved state (mass/unit of time), and k(ads) = 
adsorption rate or transfer rate of dissolved cation to 
adsorbed state (mass/unit time). At equilibrium, the 
distribution of an organic chemical between soil or solids 
surface and water shown in equation 1, can be expressed in 
terms of an adsorption or distribution coefficient defined 
as the ratio of the concentration adsorbed on soil surfaces 
over the concentration in water and called Kd below:
Kd - C./C. ........................... . (2)
where Kd has units of ugxgram_1soil/ugxml_1water.
Kd can be normalized on the basis of the soil's organic 
matter <om) or by carbon content (oc) so that:
K om = K d/o m  ........................................  <3>
K oc * K d/ O C  .........................................
where K is the soil adsorption coefficient normalized foron
the soil organic matter and "om" is soil organic matter (mg 
omxmg-1soil) , and Koc is the soil adsorption coefficient 
normalized for the soil organic carbon (mg ocxmg~1soil) .
Dragun (1988) assumes a constant relationship between 
K and K which is:
OC Ofll
8K 1.724 K (5)
OC om
where oc and om are assumed to remain constant.
The ratio between K and K „ for benzo(a)pyrene has beenoc  ow * J
estimated at 6.06 (EPA, 1986) resulting in the relationship
The normalized distribution coefficient for carbon 
content Koc is directly related to the degree of 
hydrophobicity exhibited by a compound of interest. 
Benzo(a)pyrene, for example, has a solubility of 0.001 - 
0.003 mg/1 in aqueous solution and an extremely high Koc of 
5,500,000 ml/g. Note that other mass units cancel to obtain 
the unusual unit of ml/g for Koc. Other dissolved organic 
matter (DOM) has been determined to play a key role in the 
partitioning of hydrophobic organic constituents between the 
solids and aqueous phases in sediments and sludges (Voice, 
et al., 1983). Humic and fulvic acids found in soils/sedi­
ments tend to bind PNA's into the soil structure bonding 
(Gauthier, 1987).
The chemical and physical characteristics of key PNA's 
of interest in this research are shown in Table 1 "Chemical 
and Physical Properties of Recalcitrant PNA'S".
logKoc - logKow + 0.78 (6)
9TABLE 1
CHEMICAL AMD PHYSICAL FHOFERTIES OT KEY RECALCITRANT PNA'S
Compound Rinas MW HE BE Sol.
anthracene 3 178 217 340 0.045 0.014
benzo(a)anthracene 4 228 159 438 0.006 1.380
benzo(b)fluoranthene 5 252 167 481 0.002 0.550
benzo(a)pyrene 5 252 178 495 0.001 5.500
chrysene 4 228 251 442 0.002 0.200
fluoranthene 4 202 110 393 0.206 0.038
f luorene 3 166 115 294 1.690 0.007
naphthalene 2 128 080 218 31.70 0.002
phenanthrene 3 178 101 340 1.000 <0.0001
pyrene 4 202 149 393 0.132 0.038
notes: MW = molecular weight, MP/BP = melting point/boiling 
point degrees C., Sol. is aqueous solubility at room temp. 
(mg/1). Kqc = adsorption coefficient normalized to 
fraction of organic carbon in soils (ml/g). Data after EPA, 
1986.
The reported concentrations of PNA's found in the 
rhizospheres of agricultural soils are shown in Table 2. Two 
different studies were involved in compilation of the data. 
Averaging the data from the two studies indicates that the 
two highest reported PNA concentrations in soils in Table 2 
are from benzo(a)pyrene and chrysene, which are both U. S.
10
TABLE 2
CONCENTRATIONS Or SNA'S IN THE RHIZOSBHERES Or SOILS 
NEAR URBAN C0MFLEXE8 AND IN PLANT-SOIL SYSTEMS
COMPOUND URBAN SOILS PLANT-SOIL SYSTEMS
mq/ka mg/kg
anthracene 0.011 X
benzo(a)anthracene 0.13 0 - 0 . 0 1
benzo (b)fluoranthene 0 - 0 . 1  0 - 0 . 0 3
benzo(k)fluoranthene X 0 - 0 . 0 2
benzo (a)pyrene 0.10 0 - 8
benzo (g,h,i)perylene 0 - 0.04 0.02
chrysene 0.1 5
fluoranthene 0.23 0.04
indeno(1,2, 3)pyrene X 0 - 0 . 0 2
phenanthrene 0.067 X
pyrene 0.13 0.015
naphthalene 0.02 X
NOTES: URBAN SOIL DATA FROM JONES ET AL., 1989. PLANT-SOIL
SYSTEMS DATA FROM SIMS ET AL., 1983, EGLINGTON ET AL., 1969.
Public Health Service and EPA listed carcinogens (Hartwell, 
1951; Shubik and Hartwell, 1957,and 1969; J. I. Thompson and 
Company, 1968-1969; Jones and Matthews, 1974, and Dipple, 
1976). The concentrations of benzo(a)pyrene and chrysene 
are more than one order of magnitude above the other PNA's. 
Natural microorganisms in undisturbed agricultural soils
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have not been able to stop the bioaccumulation of the high 
molecular weight condensed-ring PNA's. Naphthalene# the 
simplest PNA# due to its higher fugacity and/or the 
persistence of microorganisms in biological oxidation# is 
not accumulating in the natural environment (Jones et al. # 
1989) .
2.2 Theory of Degradation of Organic Chemicals by 
Microbial Consortia
Microorganisms have the ability to generate enzymes for 
initiation of the metabolically-induced changes in organic 
chemicals. The simplest reaction of a degradable organic 
chemical with an enzyme can be expressed in terms of the 
chemical reaction
C + E ---- > C E ------ > P + E   (7)
where C = degradable organic chemical, E * enzyme 
(typically extra-cellular), CE * chemical-enzyme complex, 
and P = reaction product consisting of modified or 
decomposed organic chemical.
Equation 7 represents an ideal alignment where 
typically enzyme-induced chemical conformational changes 
have resulted in correct binding of the organic chemical to 
the enzyme. A reaction product results and the enzyme is 
released to participate in further reactions. Recalcitrant 
organic chemicals such as the higher ring PNA's may not be 
bound or will fail to produce an alignment which would lead 
to a completed reaction (Dragun# 1988). This failed reaction 
case can be expressed symbolically as
12
C + E ----- > C E ------ > C + E .........  (8)
The process environment can be altered to increase the 
probability of contact so that the recalcitrant organic 
chemical has enhanced opportunity for binding in the correct 
conformational alignment to complete the desired reaction. 
The general concepts of biotechnology, and microbial 
assemblages or aggregations, in relationship to 
environmental pollution will be described in terms of 
benzo(a)pyrene as the target toxicant.
2.3 The Role of Microbial Consortia in Degradation of 
Anthropogenic Pollutant Mixtures
The presence of microorganisms (Gould et al., 1980) and 
their metabolic and adaptive strategies have been documented 
extensively (Herbert et al., 1986). Microorganisms are 
continuing to change as man introduces about 3000 new 
commercial chemicals into the environment each year 
(Hoffman, 1982). Waste petroleum degrading microorganisms 
always produce enzymes in a wide variety of soils and 
sediments (Kator, 1979). Enzymes are protein catalysts 
(Alexander, 1977) and enzymes that are always produced are 
called constitutive enzymes in comparison to inducible 
enzymes which are only produced in the presence of a 
specified hydrocarbon in the petroleum waste. Many 
extra-cellular enzymes are inducible (Alexander, 1977).
Marks (1987a) found that natural samples from oilfield 
waste pits would often commence spontaneous biodegradations 
in the laboratory which indicated the presence of inducible
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enzymes. These facts suggest that long term exposure to 
hydrocarbons, biological toxicants, and pyrogenically 
induced atmospheric fallout, has endowed many organisms with 
multiple mechanisms for metabolizing and detoxifying many 
new anthropogenic organic compounds found in pollutant 
mixtures (Catallo et al., 1991). Microorganisms in substrate 
mixtures typically consume preferentially those substrates 
providing the most rapid growth as an optimization strategy 
(Kompala et al., 1984).
Typically compounds within pollutant mixtures whose 
chemical structures are related to biochemical precursors or 
intermediates (e.g., alkanes, indoles, pyridine-based 
compounds, quinones/phenols, and low molecular weight 
aromatic hydrocarbons) can be metabolized by indigenous 
microflora rapidly and efficiently (Maccubbin and Kator, 
1979). Anthropogenic organic chemicals often are not 
structurally related to existing chemicals, have complex 
structures that are often highly bioresistant and include: 
heavily chlorinated hydrocarbons, PCB's, and high molecular 
weight PNA's and nitrogen-containing aromatic compounds. 
Biodegradation of these compounds has required:
1) Acclimation (lag time) and adaption (organism's ability 
to survive in a hostile environment) of natural microbial 
populations in the consortium (Kator et al., 1979).
2) Import and establishment of allochthonous organisms 
which are capable of degrading or modifying the organic 
chemicals so they can be metabolized by the autochthonous
14
or resident organisms.
3) A combination of autochthonous and allochthonous 
microorganisms for executing the complex steps for an 
efficient biodegradation.
4) A succession factor which permits an adaptive microbial 
community to acquire continuity characteristics to 
achieve longevity in metabolizing low cell-growth 
substrates over many months without experiencing die-off 
or die-back characteristics that would reduce efficiency 
(Field et al., 1988a, 1989).
2.4 An Overview of Bioremediation
Bioremediation is the generic name for a technology 
which utilizes microbial flora for alleviation of a 
pollution problem. The essence of aerobic bioremediation is 
simply to utilize the natural contaminant-degrading 
capability of the microorganisms and adding essential 
reactants (inorganic and sometimes vitamins as organic 
nutrients, water, and oxygen). The basic reactions in 
bacterial metabolism include:
1) enzymatically catalyzed degradation of aliphatic 
hydrocarbons where the end products of beta-oxidation are 
organic alcohols and acids (typically, acetic acid).
2) enzymatically catalyzed hydrolysis, acidification, 
and ring cleavage of the benzene ring.
3) production of homeostatic enzymes which regulate the 
well-being of the organisms by coordinated responses that 
automatically compensate for environmental changes.
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4) cometabolism which involves use of readily degradable 
hydrocarbons in combination with fortuitous
transformation of a desired pollutant (Alexander, 1977).
Biodegradation of complex organic mixtures, however, 
may require a series of concerted metabolic events involving 
several species of bacteria, or coupled interactions with 
bacteria and fungi (Cerniglia, 1984). An ideal biological 
system would have sequential metabolic steps occur at 
maximum efficiency with each individual species or group 
providing the correct action at the appropriate position in 
a metabolic pathway. Portier et al., (1991) has described 
how the efficacy of bioremediation systems may be reduced 
in practice by:
1) the difficulty of isolating adapted populations and 
maintaining functionality in "in situ" remediations.
2) the difficulty of balancing competitive interactions 
and predation.
3) problems in controlling fugacity of partially 
transformed compounds (e.g., volatilization and leaching) 
which may be only partially detoxified or actually attain 
a state of increased toxicity.
4) the difficulty in obtaining a pollutant concentration 
range that does not exceed the toxicity threshold of the 
microflora.
In addition and even of more importance, are the 
process engineering problems relating to: inherent
heterogeneity in soi1 s/sediments and corresponding
16
variations in the monitored and control parameters of: 
density profiles, water content, nutrient distribution, 
oxygen stressing of the microbial populations, variable 
electrochemical gradients, pH spikes, and diurnal 
temperature flucuations. It is also sometimes difficult to 
prove whether a reaction is biotic or abiotic. A key 
toxicant, for example, could have been modified chemically 
or physically to forms not detected by the prescribed 
analytical methods.
2.5 Kay Biotechniques for Promotion of Efficient Removal of 
Benso(a)pyrene and other PNA's from Pollutant Mixtures
It has been determined by several researchers that high 
molecular weight PNA's that contain four or more fused 
rings, are mineralized at minimal rates (Heitkamp et al., 
1986; Sims et al., 1988; Field et al., 1989; Heitkamp and
Cerniglia, 1989; Keck et al., 1989, Ours, 1989). Ours found 
that the 5-ring aromatic substrate benzo(a)pyrene would not 
biodegrade in response to an acclimated and adapted culture 
unless the co-substrate dodecane was present.
Interdependent biochemical, chemical, and physical 
processes are required for efficient removal of high 
molecular weight PNA's from sludges and other pollutant 
mixtures. A number of conditions must be met to insure 
successful removal from liquid/solid pollutant mixtures. 
These include but are not limited to: adaptive microbial 
consortia, selected cometabolic-predictive substrates, 
propagation of hydrophobic environments, and centralized
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mixing of suspended growth microcosms to minimize 
environmental stresses and promote maximum substrate-to- 
microorganism proximity. These conditions will promote high 
efficiency removals of PNA's and other organic hazardous 
constituents found in the complex pollutant mixtures. An 
acclimated and adapted microbial consortium with capacity 
for efficient metabolism and transformation of recalcitrant 
PNA's is important to include as a driving force in any 
metabolic study. Previous studies of one complex 
heterogeneous culture, described microflora which included: 
bacteria, actinomycetes, fungi, protozoa, and nonprotozoan 
fauna. The development of colonization, succession, and 
longevity attributes of the microbial consortia have been 
described previously (Marks et al., 1987b, Field et al., 
1988a). A toxicant such as an anthropogenically-based 
mixture of petrochemicals which contains the majority of EPA 
listed PNA's will challenge the potential of the microbial 
population to maintain normal functionality and survival 
in a hostile and changing environment.
2.6 The Role of Raactiva Clays
Reactive clays have the ability to irreversibly bind 
nonpolar hydrocarbons through hydrophobic bonding. These 
clays can also surface-adsorb nonpolar hydrocarbons and this 
latter adsorption is fully reversible.
The activity of a clay is defined by Skempton (1953) as
A = Pl/clay fraction ........................... (9)
where A is activity (dimensionless), clay fraction is the
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fraction of grains <.05mm in diameter divided by the total 
fraction, and PI - plasticity index, PI is defined as
PI « LL - PL .................................... (10)
where LL = liquid limit - lower limit of viscous flow, 
and PL = plastic limit - lower limit of plasticity.
These limits were defined by Atterberg (1911) and modified 
by Casagrande (1932b) for soil classification purposes.
The total surface area of the clay is directly related 
to the activity of the clay. Skempton (1953) and Mitchell 
(1976) developed activities for reactive clays shown in 
Table 3. It is observed in Table 3 that quartz (sand) has no 
activity and therefore it is expected that water-borne 
nonpolar hydrocarbons would move rapidly in a sand aquifer.
TABLE 3
ACTIVITIES OF VARIOUS MINERALS
Mineral Activity Mineral Activity
Na-montmorilIonite 4-7 Ca-montmorilIonite 1.5
Illite 0.5-1.3 Kaolinite 0.3-0.5
Halloysite (dehyd.) 0.5 Halloysite (hyd.) 0.1
Attapulgite 0.5-1.2 Allophane 0.5-1.2
Mica (muscovite) 0.2 Calcite 0.2
Quartz 0.0
note: dehyd. - dehydrated, hyd . * hydrated
The natural clays attract and bind humus into their 
structure. Humus is the organic fraction of soils and is an
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end product of the decomposition of the organic matter in 
soils by microflora (Stevenson, 1982). Humus is a complex 
organic polymer which contains fulvic and humic acids. High 
organic content soils are capable of binding higher 
concentrations of nonpolar hydrocarbons than low organic 
content soils.
Several authors have discussed sorption of hazardous 
non polar hydrocarbons in soils and sediments (Karickhoff et 
al., 19 7 9; Means et al., 1980, Carter & Suffet, 1982;
Gauthier et al., 1987) which reflect the views stated above.
Research on sorption of hydrophobic organic pollutants 
(PNA's, and chlorinated hydrocarbons) on clay-based 
sediments by Karickhoff and associates (1979), found linear 
adsorption in direct proportion to the hydrocarbon 
concentration in the aqueous phase and a second linear 
relationship existed for adsorption of organic pollutants 
to the quantity of organic material already present in the 
sediment matrix. The adsorption reaction was completely 
reversible and desorption was linearly proportional to 
decreases in concentration levels in the aqueous phase.
2.7 Chemical Structure and Biodegradation
Simple aliphatic compounds are systematically 
biodegraded by soil enzymes catalyzing oxidation, 
reduction, and oxidative coupling reactions in soil-water 
systems as illustrated below:
R-CH2-CH3 --------> R-CH2-CH2OH .................  (11)
(soil enzyme monooxygenase converts aliphatic hydrocarbon
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to corresponding alcohol),
R-CH2-CH2O H ------> R-CH2H O O    (12)
(soil enzyme dehydrogenase converts aliphatic alcohol to 
corresponding aldehyde),
R-CH2- H O O --------- > R-CH2-COOH ...............  (13)
(soil enzyme monooxygenase converts aliphatic aldehyde to 
corresponding aliphatic acid),
R-CH2-COOH---------- > R-OH + CH3-COOH.........  (14)
(soil beta-oxidation enzymes convert the aliphatic acid to 
a simpler alcohol and acetic acid).
The new R-OH alcohol is further degraded with the same 
enzymes to simpler aliphatic hydrocarbons with fewer carbon 
atoms. It is observed that acids will comprise a significant 
fraction of the end products and therefore system acidity 
should rise as biodegradation proceeds.
The class of enzymes that biotransform the benzene, 
toluene, naphthalene, anthracene, and phenanthrene are 
called dioxygenases (Brink et al., 1981). The degradative 
pathway for benzene is shown on Figure 1. The initial step 
is catalyzed by the enzyme dioxygenase and involves the 
replacement of hydrogen with hydroxyl groups at the ortho 
and meta positions of the benzene ring. One metabolic 
pathway involves ring-fission-dioxygenase and results in 
removal of the double bonds and formation of polycarboxylic 
acid while the second metabolic pathway is catalyzed by 
1,2- dihydrogenase to produce monocarboxylic acid.
The structure of BaP and metabolic pathway for
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FIGURE 1. BIODEGRADATION OF THE BENZENE RING
degradation of the complex polynuclear aromatic hydrocarbon 
to express carcinogenesis in the dihydrodiol form is shown 
on Figure 2. The enzymatic catalyst aonoxygenase converts 
BaP to the 7,8-epoxide and epoxide hydrase catalyzes the 
conversion of epoxides to dihydrodiols, arylhydrooarbon 
hydroxylase transforms the dihydrodiols to phenols (Mason, 
1957). The reaction of metabolically generated polynuclear 
aromatic diol epoxides with DNA in vivo is described as an 
important event in chemical carcinogenesis (Dipple, 1985).
The metabolic and chemically induced pathways for BaP 
transformation to quinones is shown on Figure 3. BaP is 
initially hydrolyzed to the 6-dihydrodiol. The dihydrodiol
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is either metabolically or chemically oxidized to produce a 
free radical cation which then oxidizes the dihydrodiol to 
one of three quinones (Selkirk, 1970). This reaction is very 
important in biodegradation of PNA's in soils and sediments 
as the BaP-quinones can be chemically polymerized or 
biologically mineralized.
Figure 4 shows metabolic degradation of BaP to phenol 
conjugates (Selkirk, 1978). Alternate pathways include:
1) transformation from BaP to the 3-hydrod±ol and 
transformation of the diol to a phenol conjugate,
2) conversion of BaP to the 2,3-epoxide, hydrolysis to 
the 3-hydrodiol, tranformation to a phenol conjugate, and
3) oxidation of BaP to the 9,10-epoxide, hydrolyzation to 
the 9-hydrodiol and hence to a phenol conjugate.
FIGURE 4. BBNZO(i)PYRENE DEGRADATION 
TO PHENOL CONJUGATES
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Figure 5 shows a proposed mineralization and 
polymerization flow chart for BaP elimination in a 
composting microcosm (McFarland et al., 1991). An aerobic 
wood-degrading white rot fungus produces both the enzyme 
ligninase and veratryl alcohol. The enzyme is oxidized to 
become activated and can then oxidize a wide range of 
organic compounds and contaminants. Oxidation of the alcohol 
produces a free radical cation which can convert BaP through 
a series of reactions to BaP-quinone. The alcohol free 
radical cation is believed to be mobile and able to oxidize 
organic compounds not readily accessible at the active site 
of the enzymes (Harvey et al., 1986) and extensive 
degradations can occur at significant distances from the 
fungal mycelia (Palmer et al., 1987). BaP quinones can be
metabolized to carbon dioxide and water or polymerized into 
the compost humus.
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 ALCOHOL \ ACTIVATED
UQNINABE ENZYME
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*
INACTIVE LIONINABE 
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HEN^OMPYSENE BENZO(b)PYRENE
FBEE RADICAL CATION -► quiNONES
HUMIFICATION OR POLYMERIZATION
+ EU) AND QBGANICS BOUND 
flOlX/BOIMENTB
•S" MINERALIZATION -► Oq +H,0
(ADAPTED FlflM MAflFARIAWD. UM  AHiMMMI.l i d ,  1— )
FIGURE f. BIOCHEMICAL MINERALIZATION AND CHEMICAL 
POLYMERIZATION OF BENZO(a)PYRENE
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2.8 Classification and Half-Life Substrata Degradation Rates 
of Biological Systans
It is recognized that anaerobic biological systems may 
not be a practical alternative for biodegradation of 
bioresistant and recalcitrant complex hazardous hydrocarbon 
constituents due to the low magnitude of reaction rates. 
Typical kinetic coefficients for the activated sludge 
process range from 2-10 day-1, while anaerobic digestion 
kinetic coefficients range from 0.040-0.100 day"1 (Metcalf & 
Eddy, 1979) . The study of aerobic processes related to 
aqueous mixtures of hydrocarbon contaminated soil/solids can 
be classified into two types:
1) Type 1 studies that occur in static environments are 
grouped in two categories:
a) aqueous flows through natural soils (e.g., percolation 
or groundwater flow) or experimentation on field test 
plot, and
b) controlled laboratory soil microcosms or static batch 
culture tests.
2) Type 2 studies involve dynamic environments and strong 
mixing of contaminated soils in aqueous solutions or other 
suspended growth processes that will lead to rapid 
biodegradation of the contaminants of interest. The type 2 
studies are grouped in the two categories of:
a) strongly mixed batch test work with single pollutant 
or more often pollutant mixtures and
b) in continuous reactors using either activated sludge
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or hazardous waste sludge.
These studies can be performed "in situ" at waste 
impoundment sites after initial testing has been carried out 
in strongly mixed batch reactors, and in continuous sludge 
chemostats in controlled laboratory environments. Process 
aids include: surfactants, preferred substrates for
initiation of cometabolism and/or polymerization, and 
adapted microbial populations.
Type 2 studies exhibit high contaminant removals and 
shorter degradation times when compared to static studies 
of type 1. Contaminant feed rates are typically 2-3 
magnitudes above levels of contaminants used in the static 
test work. This latter observation holds the key to a rapid 
and cost-effective alternative to other processes such as 
thermal destruction.
The two types of studies described above are typically 
those that are utilized by researchers for determining rates 
of biodegradation. The "half-life" rate concept provides a 
simple method of describing the efficiency of a degradation 
process and a review of the scientific literature reveals 
that the biodegradation of many organic chemicals (including 
the PNA group) is generally first-order with respect to the 
organic chemical's concentration (Dragun, 1988). The 
typical first order equation used in wastewater and sludge 
treatment is:
C = C0e-Itt ...................................  (15)
where C - concentration at time t, C0 * initial
concentration at time 0, k - kinetic coefficient (time-1), 
and t = time. Equation 15 can be readily converted to a 
linear form
log10C * l°g10co " 0.4343kt ................  (16)
The half-life is defined as that time (called t1/2) when C/Cc 
= 1/2. Substitution of this value of t into equation 15 or 
16 gives:
tJ/2 = 0,693/k ......................  (17)
The half-life for the bioresistant PNA's of interest 
can now be calculated by application of equations 15, 16,
and 17 to the two types of studies identified above. The 
half-life concept has become an important method of 
expressing reaction kinetics for microbial biodegradation of 
bioresistant compounds in sludges and soils. Data have been 
developed by different investigators for microbial-induced 
half-life rates for several recalcitrant organic chemicals 
including the PNA's of interest.
The microorganisms used in all these studies are from 
natural sources such as: activated sludge, groundwater, 
soils, hazardous waste impoundments, API separators, and 
other waste separators. Acclimation of natural 
microorganisms has been a common factor in many of the 
experiments and nutrients have been added in some cases to 
permit full microbial expression of growth potential. Table 
4 shows the half-life time in days for the biodegradation of 
naphthalene in different environmental modes of the two 
study types.
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TABLE 4
BIOLOGICAL HALE-LIFE OF NAPHTHALENE IN: SOIL, 
GROUNDNATER, MUNICIPAL, AND HAZARDOUS WASTE SYSTEMS
Feed Soils Lloulds Sewage Sludge REFERENCES
mg/1 (t1/2) (t1/2) (t1/2) ^ 1/2)
TYPE 1 - NAPHTHALENE
X 110 X X x Zoeteman et al., 1981.
X 0.7 X X X Wilson et al., 1985.
X 0.9 X X X Kappeler et al., 1978a.
5-10 X 1.1 X X Tabak et al., 1981'
X X 0.8 x X Kappeler et al., 1978b.
TYPE 2 - NAPHTHALENE
6.9 X x 0.5 X Kincannon et al., 1983.
Note: Half-life * t1/2 days
Table 4 illustrates dramatically the decline from the 
natural slow average soil biodegradation rates 0.7-110 days 
from type 1 field observations (110 days) to the more rapid 
biodegradation of type 2 systems of 0.5 days in a well mixed 
aerobic sewage (activated sludge) system. Naphthalene, 
which has the simplest aromatic PNA 2-ring structure, is 
classified by EPA to be both a volatile and semi-volatile 
hazardous hydrocarbon (USEPA, 1986). Naphthalene as stated 
earlier was the only PNA that did not show evidence of 
bioaccumulation in the top layer of soil near an urban 
complex in the time frame from 1893 and 1987 (Jones, et al.,
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198 9). Naphthalene is biodegradable in natural environments 
at typical "in soil" concentrations up to approximately 0.04 
mg/kg of dry soil solids based on findings of Jones et al., 
(1989). The results of a residue mobility test for PNA's 
indicated that naphthalene was detected at 2-3 mg/kg of dry 
soil in the 0-54" layer of an operating land treatment site 
in Washington with constituent detection limit of 1 mg/kg 
(Loehr et al . , 1991). The higher concentrations of
naphthalene typically found in waste sludges, however, will 
require advanced biological treatment for removal.
The first order biological half-life times for 
fluorene, anthracene, and phenanthrene for type 1 and type 2 
classifications are shown in Table 5. This table shows that 
dynamic suspended growth systems more rapidly eliminate the 
PNA's than in the static reactor systems. The half-life for 
phenanthrene calculated at 0.06 days in the Kincannon and 
Stover report (1983) for the continuous flow reactors may be 
derived from both biotic and abiotic reactions as it is not 
known whether there was phenanthrene binding to the settled 
activated sludge.
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TABLE 5
BIOLOGICAL HALT-Lin OF FLUORENE, ANTHRACENE, PHENANTHRENE 
IN: SOIL, GROUNDWATER, MUNICIPAL AND HAZARDOUS WASTE SYSTEMS
Feed Soils Liquids Sewage Sludge REFERENCES
mg/1 ^1/2* ^1/2* (t1/2)
TYPE 1 - FLUORENE
X 46 X X X Coover et al., 1987.
5-10 X 4-8 x X Tabak et al., 1981.
type 2 - FLUORENE
5, 600 X X X 3.9 Portier et al., 1987
XXRK 1 - ANTHRACENE
X 330 X X X Coover et al., 1987.
X 158 X X X Bossert et al., 198 6
5-10 X 4.6 x X Tabak et al., 1981.
TYPE 1 - PHENANTHRENE
X 130 X X X Coover et al., 1987.
X 12.2 X X X Bossert et al., 1986
5-10 X 1.1 X X Tabak et al., 1981.
TYPE 2 - PHENANTHRENE'
13,075 X X X 2.90 Portier et al., 1987
0.56 X x 0.04 X Kincannon et al., 191
Note: Half-life = t1/2 days
Portier (1987) used an initial phenanthrene concentration 
of 13,075 mg/1 in a well-mixed suspended growth microcosm 
and achieved a half-life of 2.9 days.
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Table 6 lists the half-life values reported for the 4-ring 
polynuclear aromatics: fluoranthene, pyrene, and chrysene. 
The measurements of half-lives from soil microcosms and 
mesocosms are significantly higher than half-lives of PNA's 
from aqueous solutions and batch sludge reactors. The 
average soil microcosm half-life was 831 days versus 7 days 
for the liquid batch reactor and an average of 3.8 days for 
the batch sludge reactors. The feed rates reported by 
Portier (1987) , however, were 2 magnitudes higher than the 
feed rate for the liquid static batch reactor when 
processing a K001 creosote-based hazardous waste treated in 
sealed batch roughing reactors. A K001 waste is defined 
under Superfund as a bottom sediment sludge from wood 
preserving processes using creosote (USEPA,40CFR 300-399, 
1988). Solids loadings for this sludge averaged 20% w/w. 
Biological half-life values for the hazardous hydrocarbon 
constituents fluoranthene, pyrene, and chrysene in batch 
sludge reactors varied from 2.3 - 5.2 days.
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TABU 6
BIOLOGICAL HALF-LIFE OF FLUORAMTHENE, FYREME, AMD CHRYSENE 
IN: SOIL, MUNICIPAL, AMD HASTE SYSTEMS
Feed Soil liquids Sewage Sludge
mg/1 (t1/2) (tl/2) ^ 1/2* ^i/i*
TYPE 1 - FLUORANTHENE 
x 290 x x x
5-10 x 7 x x
TYPE 2 - FLUQRANTHEKE 
8,800 x x x 3.8
TYPE 1 -  Pyrene 
x 1,000 x x x
x 96.3 x x x
x x 5-7 x x
TYPE Z =. PYRENE 
5,100 x x x 5.2
TYPE 1 - CHRYSENE 
x 1938 x x x
5-10 x x  7 x
TYPE 2 - CHRYSENE 
3, 450 x x x 2.3
Notes: Half-life = t1/2 days
REFERENCES
Coover et al., 1987. 
Tabak et al., 1981.
Portier et al., 1987.
Coover et al., 1987. 
Bossert et al., 1986. 
Tabak et al., 1981.
Portier et al., 1987.
Bossert et al., 198 6. 
Tabak et al., 1981
Portier et a l ., 1987.
The most complex 4-ring and 5-ring hazardous PNA's are 
shown on Table 7 and include: benzo (a)anthracene,
benzo(a)pyrene, and benzo(b)fluoranthene.
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TABU 7
BIOLOGICAL HALF-LIFE OF BENZO(a)AHTHRACEME, 
BENZO(b)FLUORAMTHENE, AND BENZO(a)PYRENE IN: SOILS, 
GROUNDWATER, MUNICIPAL AND HAZARDOUS NASTE SYSTEMS
Feed Soils Liquids Sewage Sludge
mg/1 (t1/2) (t1/2) (ti/s) ^  1/2 ^
TYPE X - BENZQ fa) ANTHRACENE 
x 460 x x x
5-10 x x 10-15 x
TYPE 2 - BEM2Q fa)ANTHRACENE 
3,450 x x x 2.8
TYPE 1 - BENZO fb)FLUORAMTHENE 
x 485 x x x
TYPE X - BENZOfa)PYRENE 
x 1,028 x x x
10 mg/kg 375 x x x  
TYPE 2 - BENZOfa)PYRENE 
2, 105 - x x 2.5
REFERENCES
Bossert et al., 1986. 
Tabak et al., 1981.
Portier et al., 1987.
Coover et al., 1987.
Bossert et al., 1986. 
Coover et al., 1987.
Portier et al., 1987.
NOTES: Half-life 1/2 days
The half-lives from static soil experiments averaged 587 
days, and one static liquid batch reactor charged with 5-10 
mg/1 of benzo(a)anthracene ranged from 10-15 days. Portier 
et al., (1987) reported a 2.8 day half-life from a 
benzo(a)anthracene feed concentration of 3,450 mg/1 and also 
reported a 2.5 day half-life from a feed concentration of
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benzo (a)pyrene of 2,105 mg/1. Both latter results were from 
a creosote K001 hazardous waste sludge treated in well mixed 
batch reactors.
2.9 The Rolt of Surfactants in High-Oll,High-Solids, 
Suspandad Growth Systems
A surfactant is a surface-active agent which acts as a 
bridge between two immiscible phases. The 1iquid phase of 
most academic and industrial interest is water which has a 
surface tension between 72 and 73 millinewtons/meter (mn/m) 
at 20°C. Surface active materials possess a characteristic 
chemical structure that consists of:
1) molecular components that will have little attraction 
for the solvent or bulk material (called the hydrophobic 
group) and
2) chemical units that have a strong attraction for the 
solvent or bulk phase (called the hydrophilic group).
The addition of a surfactant to an aqueous solution 
increases the free energy of the system which means that 
less work is required to transport a surfactant molecule to 
a surface or interface. The surfactant may concentrate or 
preferentially adsorb at these locations or it may undergo 
some other process to lower the energy of the system through 
aggregation or micellization (Tanford, 1980).
Cationic surfactants carry a positive charge on the 
active portion of the molecule and were not considered for a 
solubilization application due the potential for generating 
a toxic impact on the microbial population. Anionic and
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nonionic surfactants, on the other hand, have enjoyed 
general usage in the chemical process industries for many 
years. Anionic surfactants carry a negative charge on the 
active portion of the molecule while nonionic surfactants 
have no electrical charge and their water solubility is in 
the form of polar functionalities capable of significant 
hydrogen bonding interaction with water. Polyoxyethylenes 
and polyglycols are the major types of nonionic surfactants.
The result of adding nonpolar organic materials which 
have a low water solubility to aqueous solvent-surfactant 
systems, can result in the formation of micelles and the 
production of aqueous systems of substantial organic content 
where no solubility would have occurred in the absence of 
the surfactant. Micelles may be viewed as structurally 
resembling a crystalline hydrate and thermodynamically the 
formation of micelles is favored over the monomeric species 
in solution. The net effect from micelle formation is an 
increase in solubility (Myers, 1988). In aqueous solutions, 
nonpolar hydrocarbons (e.g., benzo[a]pyrene) are found in 
the core of the micelle. Micelles are measured in terms of 
aggregation numbers and critical micelle concentrations. The 
aggregation numbers relate to the average number of 
surfactant molecules in the molecules in the aggregate 
micelle. The critical micelle concentration (CMC) is 
mathematically described by Klevens (1953) as
log10CMC - A - Bnc .............................. (18)
where: CMC * critical micelle concentration, A - constant
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specific to homologous series, B ■= constant specific to 
homologous series, and ne * number of carbons in chain of 
homologous series.
The addition of added nonelectrolyte co-solutes to the 
original aqueous solvent-nonionic surfactant-FNA system has 
the effect of increasing the number of molecules per micelle 
and further increasing the solubility of the PNA in aqueous 
systems. The polar solutes such as alcohols have a 
significant effect on the solubility. The solubility 
increases are small for monocyclic hydrocarbons such as 
cyclohexane but increase significantly when enzymatically- 
catalyzed beta-oxidation has reduced the hydrocarbon to the 
alcohol fragment (Meyers, 1988).
2.10 Extraction and Measurement of Benzo(a)pyrana and other
PDA' a from High-Solids Pollutant Mixtures
Various analytical procedures have been used for 
extraction, identification, and quantitation of PNA 
compounds in contaminated soils and sludges. Extraction 
procedures include: soxhlet extraction, ultrasonic
extraction, and waste dilution techniques (EPA, 1986). 
Methylene chloride is the primary extraction solvent while 
exchange solvents for sample analysis or cleanup include 
2-propanol, acetonitrile, and cyclohexane for EPA sponsored 
projects (EPA, 1986). A surrogate standard is typically 
spiked into the sediments prior to the extractive process to 
determine the extraction efficiency (Martel et al., 1987). 
The surrogate standard used should demonstrate physical and
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chemical properties similar to the target compounds but not 
be present in more than trace quantities in the given 
contaminated soil or sludge pollutant mixtures.
Sample extracts must undergo a cleanup process before 
injection into a gas or liquid chromatograph to avoid 
potential problems of: extraneous peaks, peak deterioration 
and resolution, loss of column efficiency and decreased 
column lifetime. A number of techniques have been advanced 
to permit isolation of the compounds of interest. These 
techniques have been applied to extract purification by: 
partitioning between immiscible solvents, adsorption 
separation, gel permeation separation, chemical destruction 
alternatives, and distillation. Three alternative EPA 
methods of major interest for this dissertation include:
1) adsorption liquid/solid separation using alumina,
or activated silica gel with different combinations of 
eluting solvents;
2) acid-base liquid-liquid partitioning for separating
polar organics from neutral organics and
3) gel permeation as a universal cleanup technique for
semi-volatile organics and pesticides.
Although several different methods exist for specific 
PNA compound analysis, the general results obtained by the 
different methods do not prevent direct comparison in the 
literature. The precision and accuracy of the sample 
extraction and cleanup methods is reflected in four EPA 
approved determinative methods which include:
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1) gas chromatography using a flame ionization detector 
and choice of packed chromosorb column or one of two high 
resolution fused silica capillary columns (method 8100),
2) gas chromatography/mass spectrometry packed column 
technique (method 8250),
3) gas chromatography/mass spectrometry capillary column 
technique (method 8270),
4) reverse phase high performance liquid chromatography 
(HPLC) , (method 8310).
All four of the determinative methods use the same quality 
control acceptance criteria for benzo(a)pyrene (maximum 
standard deviation for four recovery measurements is 4 ug/1 
from a 10 ug/1 test sample).
Limited data are reported in the literature for 
comparison of extraction and cleanup methods for PNA 
contaminated solids. A comparison of the recovery of BaP 
from contaminated soils by soxhlet extraction was 77.3 
percent of original BaP while sonication extraction was 
reported to have extracted 66 percent of original BaP 
(Fowlie et al., 1986). The majority of researchers use a 30 
meter fused silica capillary column of 0.25 mm i.d., with a 
coating thickness of 0.25 urn and either flame ionization 
detection or mass spectrometry. Martel et al., (1987) who 
used the GC:FID system, reports experimental errors from 
8-13 percent for 12 PNA's. The experimental errors in this 
instance were calculated for the entire analytical procedure 
using mixtures of PNA certified standards. The actual PNA
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range was low with all unknowns in the ppm-ppb range.
The determinative methods for measurement of PNA's 
include: high resolution gas capillary chromatography using 
one of the EPA approved DB-5 fused silica columns and flame 
ionization detector, and gas chromatography/mass 
spectrometry with high resolution fused silica column. The 
determinative methods of other authors include: 
gas chromatography with EPA approved DB-5 column (Martel et 
al., 1987), reverse phase HLPC with mobile phase composition 
80% acetonitrile in water (Coover et al., 1987), and HPLC 
using Merck Li-Chromosorb with extraction efficiency of 70% 
for high molecular weight PNA's with independent lab cross­
checking (Jones, et al., 1989a, 1989b: Lee et al., 1987).
EPA procedures include running daily calibration 
standards and standard deviations must be less than 20% 
through the working range to assume linearity of the 
calibration curve through the origin. The limit for standard 
deviations for the 16 semi-volatile PNA's varies from 20-50 
percent for the four EPA methods referenced. The EPA 
acceptance criteria are shown in Appendix A. Therefore it is 
suggested that differences between PNA determinations 
performed by different authors that are less than one 
order-of-magnitude should not be weighted heavily in drawing 
significant conclusions but differences of more than one 
order-of-magnitude represent a real change and significant 
conclusions are valid. The assumption is made that authors 
are exercising due diligence in all intermediate methods and
40
are meeting criteria equal to that required by EPA for 
sample extraction, cleanup and analysis by determinative 
test methods.
CHAPTER XZI 
OBJECTIVES
The objectives for this dissertation are:
1) Development of a rapid continuous bioremediation 
process for removal of hazardous petrochemical wastes which 
contain large quantities of recalcitrant high molecular 
weight polynuclear aromatic hydrocarbons.
2) Determination of the process efficiency in terms of 
destruction of PNA's by measurement of mass balances on 
oil, PNA's and total suspended solids. Quantitation of PNA's 
will be exemplified by use of a carcinogenic and 
biorecalcitrant target substrate benzo(a)pyrene.
3.1 HYPOTHESES
Five propositions or hypotheses have been defined for 
testing the validity of the stated objectives of this 
research project.
Hypothesis 1 - Proof of Biodegradation
Demonstration of proof of biodegradation through 
respiration by oxygen uptake, culture plating of an aerobic 
microbial culture, and substrate decline in sealed batch 
reactors using sterilized petrochemical sludge substrate as 
the only carbon source.
Hypothesis 2 - Achievement of Low Range Treatment Goals
Confirmation that sealed pulsed-flow continuous sludge 
reactors will biodegrade a raw petrochemical sludge 
containing up to 300 mg/kg of dry feed solids and produce a 
waste solids product that meets 1990 EPA constituent
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concentration levels (CCL's) of 12 mg BaP/kg dry solids. 
Hypothesis 3 - Prediction of s Significant Biological 
Response in Sterile Clays using an Acelisated Microbial 
Culture and BaP dissolved in carrier solvent as the Target 
Substrate
The supposition that a microbial culture will oxidi2e 
up to 40,000 mg BaP/kg of dry solids dissolved in a carrier 
solvent when added to aqueous solutions of sterile reactant 
clays in sealed batch reactors. Biological oxidation is also 
predicted to be the dominant removal process.
Hypothesis 4 - Achievement of High Range Treatment Goals
Demonstration that sealed pulsed-flow continuous sludge 
reactors with augmented BaP in the petrochemical sludge and 
loading up to 3,500 mg BaP/kg of dry feed solids, will 
remove 90 percent of the BaP loaded to the reactors. 
Hypothesis 5 - Testing the BaP Microbial Threshold Limit
Supposition that augmented-BaP loadings of up to
35,000 mg/kg in the petrochemical sludge in pulsed-flow 
continuous sludge reactors, will not exceed the threshold 
toxicity of the microbial population for BaP and result in 
reduction or cessation of biodegradation.
The objective of hypothesis 1 was demonstration of 
biodegradation using an acclimated culture with a sample of 
sterilized petrochemical sludge. As the major objective for 
the research was to develop a rapid biologically-driven 
suspended growth process, hypothesis 2 was based on feeding 
"as found"unsterilized petrochemical sludge at dilutions
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containing up to 300 mg BaP per kg of dry sludge solids and 
predicting that the waste solids would meet the EPA CCL 
criteria to permit direct disposal to land without 
additional treatment.
If hypothesis 2 was proven true, the most logical 
approach would be to explore biological oxidation of 
elevated loadings of BaP in closely controlled environments 
that would simulate the conditions found in hazardous waste 
impoundments. The solids found in waste impoundments are 
typically clay-textured materials, and both high and low 
reactive clays were used in hypothesis 3 to test 
biodegradation response at BaP concentrations of up to
40,000 mg/kg of dry clay solids. The clays were sterilized 
to insure that the optimum biological oxidation was 
produced and to avoid any synergisms with any dormant 
indigenous populations present in the individual clays. 
Reactive clays adsorb nompolar hydrocarbons through the 
process of sorption and it was believed if a rapid 
biological solution was the advanced technology to eliminate 
large quantities of hazardous hydrocarbons in the National 
Priority List (NPL) pits, then biological oxidation should 
emerge from the testwork as the dominant removal process for 
BaP. Sealed batch reactors were used to provide the closely 
controlled environment for measurement of the removal 
processes.
If significant biodegradation occurred in the batch 
reactor program and was the dominant removal process, then a
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second series of pulsed-flow continuous sludge reactors 
would be set up using BaP loadings of up to 3500 mg/kg of 
dry feed solids with the expectation that a high percentage 
of the feed BaP would be destroyed. Hypothesis 4 assumed a 
90 percent destruction of BaP. If this hypothesis was proven 
true then hypothesis 5 would be set up using loadings which 
approached the highest loadings used in the batch reactor 
testwork with the assumption that high percentages of BaP 
would be destroyed.
Process enhancements used in hypothesis 4 and 5 
to promote accelerated biodegradation of BaP included: 
strong mixing, addition of a primary carbon source and a 
nonionic surfactant, plus increased hydraulic detention and 
total solids residence times.
CHAPTER XV 
METHOD8 AND MATERIALS
Specific tasks are described for the testing of each 
hypothesis in the appropriate sections. These sections are 
followed by a brief statement of reactor construction and 
quality assurance and control.
4.1 HYPOTHESIS 1. Proof of Biodegradation using an Adaptive 
Microbial Culture and a Sterile Petrochemical Sludge
Hypothesis 1 was based on the premise that sterilized 
petrochemical sludge in combination with an aerobic 
microbial culture would exhibit sustained oxygen 
respiration accompanied by decline of the sole carbon 
substrate as proof of biodegradation. This hypothesis was 
tested in sealed batch reactors using sterilized 
petrochemical sludge substrate as the only carbon source. A 
knowledge of the physical and chemical properties of the 
sludge was required for making an assessment of the 
reactants that would be used for this test. The reactants 
included: sterilized sludge, sterilized basal inorganic salt 
media (BISM) for inorganic growth factors, sterilized 
deionized water, and an adaptive seed culture. Sterilized 2 
liter batch reactors were selected for containment of the 
reactants.
The physical properties of a petrochemical sludge are 
shown on Table 8. This sludge is both defined under the 
Superfund directives as a K051 hazardous waste. The
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petrochemical sludge was characterized by a high oil content 
(27.5% v/v) and a low solids content (10.5% w/w). The solids 
exhibited a clayey-type consistency and were considered 
reactive.
TABLE 8
KEY PHYSICAL PROPERTIES OF A X051 HAZARDOUS HASTE RAH 
PETROCHEMICAL SLUDGE FROM AM API 8EPARATOR
Property Petrochemical Sludge
density 1.073 g/ml
oil content 27.5% v/v
oil density 0.76 g/ml
solids content 10.5% w/w
The PNA content of the raw petrochemical sludge is 
shown in Table 9. This sludge was augmented with BaP for 
the testing of hypotheses 2, A and 5, and monitoring of the 
biodegradation and partitioning of BaP and other PNA's. The 
petrochemical sludge characterization was performed on a 
sample representative of the total quantity of sludge used 
in this research project.
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TABLE 9
PDA CONTENT OF PETROCHEMICAL SLUDGE W E D  SAMPLE
Palynuclear Aromatic Raw S1udge Feed
mg/1 mg /kg
anthracene 682.5 636.1
benzo(a)anthracene 55.1 51.4
benzo(a)pyrene 43.8 40.8
benzo(b)fluoranthene 35.3 32.9
benzo (g,h,i)perylene 30.0 28.0
benzo (k)fluoranthene 24.0 22.4
chrysene 156. 9 146.2
dibenzo(a,h)anthracene 15. 9 14 . 8
fluoranthene 47.0 43.8
fluorene 239.6 223.3
indeno(1,2,3)pyrene 2.8 2.3
naphthalene 1177 1097
phenanthrene 368.2 343.2
pyrene 71.3 66.4
A standard basal Inorganic salt media <BISM) provided 
inorganic growth factors for testing hypothesis 1 and 
composition of the B1SM is shown in Appendix A (Gerhardt et 
al . , 1981). Orthophosphate (K2HP04) was increased for
enhanced buffering of the sludge systems. The system 
buffering capacity was 0.002 mol/1 of base per pH unit. 
Marks et al., (1991c) found that wide swings in pH would
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occur and result in destabilization of continuous reactors 
unless sludge biodegradations were maintained in strongly 
buffered environments. Buffering was required to reduce the 
impact of acidic materials produced in the 
biodegradation reaction of oil-rich sludges and thus 
dampen pH swings. It is the author's experience that most 
contaminated soils and sediments contain the necessary 
macronutrients for significant biodegradation (Marks,1987a). 
In oil field waste testing, however, reductions in the 
rates of biodegradation were sometimes observed when all 
BISM nutrients were omitted. Factorial testing indicated 
shortages of nitrogen and sometimes phosphorus were 
responsible for the lowered degradation rates. A full range 
of inorganic macronutrients and micronutrients were provided 
to insure rapid growth of bacteria in sludges.
The proof of biodegradation involves the requirements 
that oxygen is used for respiration in metabolism of an 
available carbon source. One quart of the petrochemical 
sludge was sterilized by radiation from exposure to a cobalt 
source of 4 rads/hr for 24 hours at the Nuclear Science 
Center. This sludge originally contained a live microbial 
population as spontaneous respiration of non-irradiated raw 
sludge dilutions would commence after 2 days of shaking in 
batch reactors. This is typical for field sludges due to 
the omnipresence of microorganisms that can prevail in 
active or resting stages in refractory environments. Three 
sterilized one liter respirometric reactors plus sterilized
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BISM were used in the experimental design shown in Table 10. 
Microbial cultures have been added to sealed batch reactors
TABLE XO
EXPERIMENTAL DESIGN FOR TESTING HYPOTHESIS 1 FOR PROOF OF 
BIODEGRADATION USING A RESPIROMETER AND STERILIZED
PETROCHEMICAL API SLUDGE
Batch Reactor A B £
sterilized BISM, ml 500 - 500
microbial culture, ml 50 50 -
sterilized sludge, g 5.9 5.9 5.9
sterile DI water, ml 450 950 500
notes: DI = deionized
A and B but not C. The microbial cultures were obtained from 
a stock culture which was maintained throughout the 
research project. Hypothesis 1 would demonstrate proof of 
biodegradation if sustained oxygen uptake would occur in 
reactors A, probably B, but not C. Reactor A was extracted 
to demonstrate removal of substrate.
4.2 HYPOTHESIS 2: The Proposition that Continuous Reactors 
Feeding up to 300 mg BaP/kg Dry Sludge Solids, would Produce 
Haste Solids Containing <12 mg BaP/kg of Dry Product 8olids
This hypothesis predicts that biological degradation 
of raw petrochemical sludge with a BaP concentrations of up 
to 300 mg/kg of dry feed solids would commence and attain 
removals down to the 1990 EPA CCL limit of 12 mg/kg on dry
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waste solids. This would represent removal of up to 96 
percent of input BaP. BaP was selected as the key PNA as it 
is one of the most difficult PNA's to biodegrade and has the 
lowest allowable EPA release limit of 12 mg/kg for land 
disposal.
The experimental design is shown for steady state 
conditions in Table 11 and included three sets of reactors 
with sludge feed rates between 10-20 g/d, BaP loading rates 
from 284-296 mg/kg, hydraulic residence times from 3.5-5 
days, solids residence times from 5-10 days and waste solids 
recycle rates from 11.5-14% of feed. All reactors contained 
the same quality of sludge to insure uniformity of test 
results.
Table 11
EXPERIMENTAL DESIGN FOR PULSED-FLOW CONTINUOUS SLUDGE 
REACTORS PROCESSING A PETROCHEMICAL SLUDGE CONTAINING UP TO 
300 mg BaP/Kg OF DRY FEED 80LIDS
Process Parameters Series 1 Series Z
sludge loading rate, g/d 9.9 19.8
BaP loading rates, mg/kg solids 296 284
oil loading, mg/1 2,325 3,550
hydraulic residence time, days 5 3.5
solids residence time, days 10 5
BISM and water makeup ml/d 220 220
waste recycle percent of feed, 11.5 14
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Blank reactors are incorporated into each set. The sealed 
reactors contain one liter of suspended solids. The feed to 
the microbial stock culture creosote, lignin, and Alaskan 
crude to insure microbial retention of metabolic mechanisms 
for PNA removals. Seed culture was added to all reactors 
except blank reactors and other reactants included: BISM 
for buffering and growth factors, air for respiration, and 
makeup water for evaporation loss.
Samples of all feeds and effluents were taken daily 
equilibrium conditions and analyzed for BaP. Equilibrium 
conditions were assumed when repeatable pH, total solids, 
BaP, and oil contents remained constant for a 7 day period 
of operation. Soxhlet and liquid-liquid extraction methods 
were used for capture of PNA's from liquid and solid 
samples. Silica gel adsorption columns we re used for 
polarity separation of the PNA's from other compounds that 
would interfere with high resolution gas chromatography. The 
concentration of biodegraded BaP was close to the detection 
limit for BaP and GC:MS was used to determine BaP and other 
PNA's in the raw sludges and all products. Specific 
descriptions of sampling, monitoring parameters, and methods 
of analysis are given in Chapter 4: section 4.6 to section 
4.0.2.3.
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4.3 HYPOTHESIS 3: The Premia* that BaP at Concentrations of 
up to 40,000 mg/kg of dry olay solids can be Biodegraded by 
an Acclimated Microbial Culture in Aerobic Sealed Batch 
Reactors with Reactive Clays as Suspended Solids
The objective of testing concentrated BaP in carrier 
solvent with typical soil constituents such as pure 
sterile clays in batch reactors was to assess whether 
biodegradation of BaP would be the dominant removal process 
in comparison to the sorption reaction. EPA specifies 
methylene chloride for extraction of non polar organic 
hydrocarbons. Designs for hazardous waste landfills 
incorporate bottom reactive clay layers whose function is 
to prevent an organic constituent leachate breakthrough from 
the upper liners for a period of 30 years (EPA, 1985).
Several papers were referenced in Chapter 2: section 
2.6 that indicate that quantitative sorption of nonpolar 
organics is dependent on the concentration and the type of 
organics normally bound in the clay lattice. This research 
should measure the sorption of BaP and biodegradations at 
the approximate termination of biodegradation. The sorbed 
quantities are expected much smaller than the anticipated 
removals from the biodegradation process.
Karickhoff et al., (1978) suggested that nonpolar
hydrocarbons adsorbed to the clay surface (e.g., BaP) would 
be desorbed via the mechanism of a liquid/solid linear 
isotherm. BaP is fluorescent to ultraviolet light, and the 
efficiency of the extraction was continued until BaP
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concentration in the methylene chloride extract reached 100 
ug/1. This concentration approached the minimum detection 
limit for the Perkin Elmer Lambda 4B spectrophotometer 
{Marks,1989a). The model that fits this isotherm for 
reversible adsorption-desorption is described as
X = K C  .........................................  {19)P
where X the concentration of sorbent (BaP) on the clay 
relative to the dry weight (ppb), Kp is the partition 
coefficient (dimensionless), and C is equilibrium solution 
sorbate (BaP) concentration (ppb).
Three types of sterilized reactive clays were used for 
testing of hypothesis 3: Fuller's earth, kaolinite, and a 
synthetic clayey sand composed of 25 % Na-montmorillonite, 
25 % kaolinite, and 50 % aquifer sand, all % w/w. The 
composition of Fuller's earth is variable and activity is 
source dependent.
Ours (1989) found that no significant biodegradation 
occurred when crystals of BaP were placed in a microbial 
culture. Biodegradation, however, commenced when the 
BaP was dissolved in dodecane carrier solvent before 
addition to the aqueous system. For this dissertation 
project, a stock solution of 7500 mg/1 of BaP was prepared. 
BaP is highly insoluble in aqueous solution, and a carrier 
solvent was prepared using 10% isooctane, 89% cyclohexane, 
and 1% toluene, all v/v. The iso-octane and cyclohexane were 
selected for the carrier solvent as both aliphatic 
compounds can be readily biodegraded to alcohols and acids
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by beta-oxidation. The alcohols and acids act as polar 
additives and increase the solubility of BaP through 
expansion of the micelle. The toluene was added to as a 
homologue of the PNA's to inhibit early precipitation or 
crystallization of the BaP in the stock solution. The 
alcohols and acids are also required for catalysis to 
produce free radical cations for fortuitous transformation 
of BaP. One typical fortuitous transformation involves white 
rot fungi for alcohol oxidation to produce the free radical 
cation for conversion of BaP to Bap-quinone (McFarland, et 
al., 1991) .
Batch reactor testwork is suitable for this testing 
because of the difficulty of solids handling of reactive 
clays in continuous systems. An experimental design was 
developed for each of the three clays/clay-sand materials 
referenced above. It was necessary to use a surfactant in 
all the kaolinite tests and synthetic earth tests for 
emulsion-breaking to permit suspension of the colloidal 
clays even though adsorption of BaP on the clays would be 
reduced. Earlier surfactant testwork indicated that both 
nonionic surfactants Triton X-100 and N-101 were effective 
in solubilization of oil constituents in pollutant mixtures 
(Marks, 1991a). Triton N-101 (TN-101) was selected as the
nonionic surfactant for the majority of the project work. 
TN-101 is from the class of tert-nonylphenol ethoxylates and 
contains 9-10 ethoxy groups (Kozarac et al., 1983).
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4.3.1 Experimental Design for Batch Reactor Tasting of
BaP in Suspended Puller's Earth in Aqueous Solution
The experimental design for Fuller's earth testing in 
batch reactors is shown on Table 12. All reactors receive 
basal inorganic salt media, sterile Fuller's earth, and the 
treatments consisted of BaP/carrier solvent, microbial 
culture, and use of the TN-101. Culture/surfactant addition 
was used as a joint treatment to provide the best 
opportunity for solubility for the BaP and hence a higher 
probability of biodegradation. A synthetic sludge containing 
Fuller's earth was prepared and a 10% v/v solvent oil added 
with identical composition to the BaP carrier solvent.
Table 12
EXPERIMENTAL DESIGN FOR BaP/SOLVENT OIL IN SEALED BATCH 
REACTORS WITH STERILE POLLER'S EARTH AS SUSPENDED PHASE
Reactor M R1 R2 S 3 BA
BaP, mg/kg feed 1430 0.00 1430 1430 1430
culture, ml 50.0 0.00 0.00 50 0.00
TN-101, mg/1 1,000 0.00 0.00 1, 000 0.00
Fuller's earth,g 26.2 26.2 26.2 26.2 26.2
total oil, mg/1 7, 100 3,550 7,100 7, 100 7, 100
BISM, ml 940 995 990 940 990
air rate, ml/min 600 600 600 600 600
inoculum, cfu/ml 1.8E+05 — — — 9.3E+05
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4.3.2 Design for Batch Reactor Testing of Kaolinite
The experimental design for kaolinite for significant 
biodegradation of BaP for loading 2124 mg BaP/kg of 
kaolinite solids is shown in Table 13. All three reactors 
contained surfactant. The synthetic kaolinite oil contains 
34% oil v/v and the oil has the same composition as the BaP 
carrier solvent.
TABLE 13
EXPERIMENTAL DESIGN FOR BATCH REACTOR BIODEGRADATION OF 
BaP USING KAOLINITE AS THE SUSPENDED SOLIDS PHASE
Reactors El EZ El
BaP, mg/kg dry solids 0.00 2124 2124
seed culture, ml 0.00 0.00 50.0
kaolinite syn. sludge, ml 50 50 50
kaolinite, g 11.3 11.3 11.3
solvent oil, mg/I 12070 14300 14300
BISM, ml 933 930 930
initial culture, cfu/ml 0 0 2.5E+04
air rate, ml/min 500 500 500
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4.3.3 Experimental Design for Batch Testing Concentrated 
Haxardous Organic Constituents in "Boughing Beactors"
Roughing reactors provide intensive contacting of high 
concentrations of pollutant mixtures and are used to obtain 
significant primary biodegradation before downstream 
polishing reactors. The parallel sealed batch roughing 
reactors contained a concentrated mixture of aromatic PNA's 
and pentachlorophenol and were tested for the hypothesis 
that significant biodegradation would commence and be the 
dominant removal process. The PNA feed concentrations 
approached 40,000 mg/kg on dry solids. This batch program, 
if successful, would provide criteria for setting the 
process parameters for high rate BaP loadings to continuous 
reactors for testing of hypotheses 4 and 5.
Contaminant loadings and process parameters are shown 
in Table 14. The run time for the two roughing reactors was 
set for 7 days. Sealed 250 ml erlenmeyer flasks were used as 
reactors and vigorously mixed on a shaker table at room 
temperature. The flasks were opened daily for 10 seconds for 
oxygen renewal. TN-101 was added to both reactors at 1000 
mg/1.
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TABLE 14
EXPERIMENTAL DESIGN FOR DOFLICATE SEALED BATCB ROUGHING 
REACTORS TO DEGRADE HIGH CONCENTRATIONS OF SNA'S AND 
CHLOROHYDROCARBONS IN A REACTIVE CLAY/SAND ENVIRONMENT
Suspended Solids 
sodium montmorillonite, g 
kaolinite, g
aquifer sand, g
total solids, g
Hazardous Solid components 
anthracene, mg/kg
chrysene, mg/kg
pentachlorophenol, mg/kg
phenanthrene, mg/kg
benzo(a)pyrtnt, *g/kg
Liquid Constituents 
acetone, mg/1
isooctane, mg/1
hexanes, mg/1
toluene, mg/1
seed culture, ml
BISM, ml
RR1 and RR2
1.25
1.25 
2.42 
4 . 92
40.650
40.650 
30,490
40.650
40.650
42,700 
93,240 
89,200 
117,500 
5 
15
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4.4 HYPOTHESIS 4. Pulsed-flow Continuous Sludgo Reactors 
loading Augaented-BaF at up to 3500 eg/kg Dry Food Solids, 
aro Frodiotod to Ronovo 90 Foroont of this BaP in tbo 
Petrochemical Sludgo
This hypothesis is an expansion of hypothesis 2 and 
assumes that the batch reactor testwork is successful in 
biodegradation of high concentrations of BaP. The 
hypothesis will be validated if not more than 170 mg BaP/kg 
of dry product solids is released from 1700 mg BaP/kg of dry 
feed solids and not more than 350 mg BaP/kg of dry product 
solids is released from 3500 mg BaP/kg of dry feed solids. 
It assumed that more than one metabolic pathway is used in 
transformation of the BaP. Hammerli, et al.,1986 predicted 
that white rot fungus would produce enzymes to generate the 
catalyst for one of the metabolic pathways.
It is usually found that respiration underpredicts the 
hydrocarbon removal rates from complex hydrocarbon pollutant 
mixtures which would suggest that other reaction mechanisms 
are involved in compound removals. The additional BaP added 
in this set of continuous reactors raises the toxicity 
threshold of the microbial population which increases the 
probability of lowered degradation rates and reduced 
microbial density. Changes in the control parameters were 
made to counteract the potential impact of the increased 
toxicity. These changes relative to the operation of the 
pulsed-flow continuous sludge reactors loading up to 300 mg 
BaP/kg feed included: doubling the HRT from 5 days to 11.7
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days, decreasing the solids wasting rate to 64 ml/ to 
increase solids residence time from 8 days to an average of
15.5 days, and raising waste solids recycle rate as a 
percentage of feed from 12 to 26.5%. The suspended sol ids 
were expected to increase significantly, and resulting in 
more correct conformational alignments to produce the 
desired chemical reactions. Table 15 shows loadings of al1 
PNA's entering the continuous reactor systems.
TABLE 15
EXPERIMENTAL DESIGN FOR BaP LOADING RATES IN PULSED-FLOW 
CONTINUOUS SLUDGE REACTORS FOR BIOOEGRADATION OF AUGMENTED 
BaP AT UP TO 3500 mg/kg OF DRY FEED 80LXD8
Reactor A fi C C
Pplynuclear Aromatic Loadings mg/kg Feed Solids
BaA/chrysene 4.9 4 . 9 4.9 4.9
benzo(a)pyrene 1705 1709 3486 3465
benzo(b)fluoranthene 0.82 0.82 0.82 0.82
benzo(g,h,i)perylene 0.70 0.70 0.70 0.70
benzo(k)fluoranthene 0.56 0.56 0.56 0.56
dibenzo(a,h)anthracene 0.37 0.37 0.37 0.37
fluoranthene 1.1 1.1 1.1 1.1
fluorene 5.6 5.6 5.6 5.6
naphthalene 27.4 27.4 27.4 27.4
phenanthrene/anthracene 24.5 24.5 24 .5 24.5
The carrier solvent was elevated proportionately at
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higher BaP loadings and the more biodegradable mixture 
should offset a fraction of the elevated toxic threshold 
from the incremental BaP. Minor BaP losses to the overhead 
trap systems, and sidewall clingages, were factored out of 
the feed rates at the conclusion of the test runs. Table 16 
shows the process parameters and other variables used for 
monitoring the continuous test reactors.
TABLE 16
PROCESS PARAMETERS TOR BaP PEED AT UP TO 3500 mg/kg
Reactor & & C £
inputs
raw sludge, g/d 26.8 26.8 26.8 26.8
total oil loading, mg/1 5700 5700 6170 6170
HRT, days 11.7 11.7 11 . 7 11.7
SRT, days 15.5 15.5 15.5 15.5
sludge wasting, ml/d 64 64 64 64
sludge recycle % 26.5 26.5 26.5 26.5
BISM + evaporation, ml/d 83 83 * 83 83
Notes: HRT « hydraulic residence time, SRT « solids 
residence time, T-N101 to all reactors 1000 mg/1.
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4.5 HYPOTHESIS 5. The Supposition that High HaP Loadings at 
up to 35,000 mg/kg of Dry Paad Solids in tha Petrochemical 
Sludge, will not axcaad tha Thrashold Limit of tha Microbial 
Population
The changes made in process parameters from the 
sludge reactors of hypothesis 4 loading up to 3500 mg/kg 
case include: an increase of SRT from 16 to 19.7 days, an 
increase of HRT from 11.7 to 12.5 days, and raising the 
waste sludge recycle as a percent of fresh feed from 26.5 
to 34.4 % v/v. The reactors were split into 4 feed ranges
with augmented-BaP levels at: 8,725, 17 ,400, 26,370 ,
34,900, all mg/kg, on dry feed solids. Table 17 shows
PNA loading data and process parameters for t
TABLE 17
PROCESS PARAMETERS TOR TESTING VALIDITY OP HYPOTHESIS 5
Reactor E E a a
Parameter
raw sludge, g/d 26.8 26.8 26.8 26.8
BaP in feed solids, mg/kg 8720 17400 26400 34900
total oil loading, mg/1 7590 9960 12330 14670
HRT, days 12.5 12.5 12.5 12.5
SRT, days 19.7 19.7 19.7 19.7
sludge wasting rate, ml/d 50 50 50 50
sludge recycle, % of feed 34 .4 34.4 34 .4 34.4
BISM + evaporation, ml/d 75 75 75 75
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experimental design for testing of the fifth hypothesis. All 
PNA's are loaded at the same rate as shown in Table 15 
except for BaP and are not included in Table 17. Nonionic 
surfactant TN-101 (1000 mg/1) was used in all reactors.
4.6 Reactor Monitoring and Steady State Performance Criteria
4.6.1 Reactor Monitoring
The pulsed-flow continuous sludge reactors were 
operated at constant raw sludge feed rate of specified 
quality, constant surfactant rate, and seeded from the same 
microbial stock culture. The control parameters were 
specified for all series and included: sludge wasting rate, 
clarified effluent rate and sludge recycle rate. The one 
variable that Changed across £ reactor series was the 
quantity BaP from stock solution. Steady state
conditions were reached between 15-25 days. The monitoring 
parameters were typically measured every 24 hours and used 
to describe the reactor contents from the start of run (SOR) 
until the end of run (EOR) in the given test series. The 
monitoring parameters typically included: pH, total
suspended solids, sludge wasting solids, microbial 
respiration, solid culture plating, oil loadings, oil 
Inventories, oil loss, PNA loadings, PNA inventories, and 
PNA loss. The reporting emphasis was on the target PNA, BaP.
4.6.2 Steady State Performance Criteria
Performance criteria were developed for the key 
parameters for definition of steady state conditions in the
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continuous flow reactors. Samples were taken from the 
continuous reactors when equilibrium conditions were 
verified, and measurement of key parameters continued for 5 
to 7 days of stable reactor performance or until the 
majority of data did not exceed the established criteria. 
The key parameters and performance criteria are shown on 
Table 18.
Table IB
KEY PROCESS PARAMETERS AMD PERFORMANCE CRITERIA TOR PROOF 
OF STEADY STATE CONDITIONS IN CONTINUOUS FLOW REACTORS
Monitoring Variable 
pH
total suspended solids
C02 respiration
culture plating
oil content
B(a)P in waste sludge
Acceptable Variation 
+ /'- 0.5 pH units from mean 
+ /- 6000 mg/1 from mean 
+/- 20% as C02 from mean 
+ /- 1 order from mean (cfu/ml) 
+ /- 25% from mean (mg/1)
+/- 25% from mean (mg/1)
pH and total suspended solids (TSS) were both monitored 
parameters whose variability depended strongly on the system 
uniformity. The pH meter has a precision of < 0.2 pH on 
duplicate lab samples. Reactor loading samples and reactor 
inventories have relatively uniform ionic properties. A 
swing of more than +/- 0.5 pH units was considered a 
significant system perturbation. The suspended solids in 
the reactor bulk phase were fairly uniform and the largest
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measured errors were sampling errors from use of a 1 ml 
Eppendorf pipet. A sample error of 0.1 ml for a typical 
suspended solids concentration of 45000 mg/1, introduced an 
error of +/- 4500 mg/1 from the mean. The sample variation 
was set at +/- 6000 mg/1 from the mean as representative of 
steady state conditions.
The ultimate respiration rate of a continuous flow 
reactor should be stable at equilibrium conditions. The 
daily control samples taken from the continuous reactors for 
separate batch reactor respiration testing, however, were 
1.0% v/v of the volume of the continuous reactor. This 
procedure minimized dilution and potential washout from the 
continuous reactors. Carbon dioxide respiration is 
typically reported as equivalent reaction carbon as 
C02.C/day. A titration method was used and an error of 0.1 
ml of titrant introduced a 35 mg C02.C/day difference in the 
amount of carbon consumed daily. Thus a reported respiration 
of 200 mg C02.C/day could range from 165 or 235 mg/d which 
is +/- 15%. Standard methods (1985) reported that
titrimetric method 406 B., has an inherent variation of +/- 
10% from the mean. Acceptable criteria specified a variation 
of +/- 25% from the mean for equilibrium conditions.
Culture plating by the modified pour plate method as 
used in this research, has proven to be a reliable and 
precise method for microbial density and plate differences 
of more than one magnitude would signal a change in the 
microbial ecosystem. A microbial density change of +/- one
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magnitude was selected as acceptable performance at steady 
state conditions.
BaP and oil loss remainders were the most difficult 
parameters to measure because of the number and complexity 
of tests undertaken to obtain these numbers. The combination 
of factors are error-prone and include: complex extractions, 
multiple kuderna-danish or nitrogen reductions, adsorption 
polarity partitioning, and high resolution chromatography. 
Additionally, both the BaP and oil feed numbers are 
initially large and through removal processes become small 
and the standard deviations of performance means increase 
with output or degraded measurements. The determinative 
measurement process for BaP, gas chromatography or HPLC, 
determines the precision and accuracy of the overall sample 
preparation process. Additionally EPA acceptance 
criteria for calibration standards must be met. The average 
response factor (RF) for daily initial calibration for the 
analyte of interest using gas chromatography for method 8100 
(EPA SW-846, 1986) states that the relative standard
deviation (RSD) must be <20 percent for the respective PNA 
analyte calibration standard. Thus, a deviation of +\- 25 % 
change in final BaP loss or final oil loss was considered a 
reasonable basis for sustained equilibrium conditions.
4.7 Sampling Procedural
4.7.1 Protocols and Sample Uniformity
Samples for analysis at time of collection were 
properly labeled, and recorded in lab notebooks. All samples
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collected were preserved, transported, and analyzed within 
the provisions of EPA/SW-846, 3rd. Ed., (1986).
4.7.2 Uniformity of Samples
Strong mixing in all sealed batch and continuous 
reactors was used to maintain a homogeneous liquid/solids 
medium with respect to solids distribution. Small variations 
between steady state reactor samples were a reliable 
indication of system uniformity and quality assurance and 
quality control were more easily demonstrated in homogeneous 
environments.
4.7.3 Batch Reactor Sampling
Batch reactors used in dissertation research were of 
two types; 250 ml erlenmeyer shaker flask with sealed teflon 
screwed top, or 2 liter sealed and internally mixed resin 
kettles. Routine daily samples included: pH by calibrated 
meter, total suspended solids by method 2540 D., and 
modified pour plate method 907 A., both Standard Methods 
(APHA-AWWA-WPCF, 1985). The small shaker flasks were
analyzed for hazardous constituents of interest by reactant 
and phase, or alternately by analysis of the complete 
reactor.
4.7.4 Continuous Flow Reactor Sampling
The reactor feed, sludge wasting, and effluent 
withdrawal samples are injected or removed by pipets or 
Vacutainers through designated ports in the reactor covers. 
pH probes are fitted through dedicated ports. All 
connections in the continuous reactors were of teflon or
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borosilicate glass to minimize contamination. The 
sampling/ analyte pathways included:
4.7.4.1 Total suspended solids (TS8)
The reactor inventory samples for total suspended 
solids were sampled with Eppendorf pipets to collect the 
midrange reactor solids and were processed immediately by 
method 2540 D., filtered through multiple buchner funnels 
using Whatman 41 filter paper, and solids were dried at 
105°C.
4.7.4.2 pB
The pH was measured by a Corning pH meter which was 
calibrated daily using standard buffers at 6 pH, 7 pH and 8 
pH by method 4500-H+, Standard Methods <APHA-AWWA-WPCF, 
1990). pH values were measured in the upper middle suspended 
solids level of the continuous reactors. The probe was 
cleaned between measurements and recalibrated.
4 .7.4.3 reed sludge
All feed sludge samples were extracted using horn type 
sonication equipment method 3550 (EPA, SW-846, 1986), cleaned 
by adsorption partitioning method 3630 (EPA, SW-846, 1986), 
and then analyzed by GC:MS by method 82 7 0 (EPA, SW-846, 
1986). Additionally, check samples for the low PNA series 
(284 to 298 mg/kg) were analyzed by method 8270 (GC:MS).
4.7.4.4 Waste solids
The waste solids samples were measured by both volume 
and weight to minimize sample errors, acidified to 3 pH 
with concentrated sulfuric acid to halt microbial growth,
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settled in separatory funnels, and the liquid and solid 
phases isolated. The solids were extracted by ultrasonic 
extraction by method 3550, cleaned by adsorption 
partitioning using method 3630, and analyzed by GC:FID by 
method 8100 (EPA, SW-846, 1986).
4.7.4.5 Clarified affluent
The liquid effluent samples were extracted using 
liquid-liquid extraction method 3510, cleaned by method 
3630, and analyzed by GC:FID method 8100 for PNA's.
4.7.4.6 Overhead traps end clingagae et reector shutdown
After equilibrium samples were taken for 5-7 days, the
continuous reactors were shut down and the suspended 
materials transferred to a new reactor before any settling 
of the suspended solids occurred. Overhead trap and system 
clingages were removed from the original reactor for 
analyses. The overhead polyurethane foam and downstream 
water traps were extracted using method 3510 while the 
other reactor surfaces were swabbed and solvent extracted to 
remove minor side wall clingage accumulations. Any 
measured oil or PNA's were factored out of net feed 
available for biodegradation. All suspended solids were 
dried at 105°C.
4.8 Analytical Kathode and Diacussion of Modified Kathode
4.8.1 Analytical Kathode
A summary of the major analytical methods used in this 
research are listed in Table 19.
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Table 19
ANALYTICAL METHODS FOR BXQDEGRADATION AND PARTITIONING OP 
ADGMENTED-BaP IN PETROCHEMICAL SLUDGE
Method
3510
3550
3630
8100
8270
Description 
liquid-liquid extraction
Reference 
EPA, SW-846, 1986.
ultrasonic extraction (solids) EPA, SW-846, 1986.
EPA, SW-846, 1986.silica gel cleanup of PNA'S
polynuclear aromatics (GC:FID) EPA, SW-846, 1986. 
PNA's capillary column (GC:MS) EPA, SW-846, 1986. 
907a . pour plate method/plate counts APHA-AWWA-WPCF 1985. 
2540D, total suspended solids (105°C) APHA-AWWA-WPCF 1990. 
2540E. fixed & volatile solids (550°C) APHA-AWWA-WPCF 1990.
4.8.2 Discussion of Modified Methods
4.8.2.X Methods for Microbial Biomass
Attempts have been made to measure biomass in sludges 
and sludge dilutions by conventional activated sludge 
procedures for volatile suspended solids and suspended 
solids with methods 2540 D. and 2540 E. (APHA-AWWA-WPCF,
1990) but these methods fail as the biomass is masked by the 
oil-wet solids (Marks et al., 1987b). The volatile solids 
methods used to measure biomass in activated sludge are not 
appropriate for monitoring oil-rich high-solids sludge (OHS) 
reactors because solids measurements are the totals of: 
biological solids, polymerized oils, and typically high
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quantities of inert solids which obscure the small biomass 
fraction. The methods for activated sludge systems are 
modeled on the premise of measurable biomass changes 
throughout the systems and that entering solids are 
negligible (Metcalf & Eddy 1979: Horan, 1990). Large
percentages of solids may be entering in the waste sludge 
processing systems. Biomass cannot be directly measured in 
hazardous waste sludge biodegradations, so modified 
approaches are used to obtain critical oil, PNA and total 
solids balances to describe the efficiency of these OHS 
systems. Terms such as mean cell residence time, food-to- 
microorganism ratio, and sludge age are not appropriate for 
use with OHS systems.
Two procedures which provide an indication of biomass 
are standard plate counts (SPC) from Standard Methods 
(APHA-AWWA-WPCF, 1985) and microbial adenosine triphosphate 
or microbial-ATP (Van der Werf and Verstraete, 1979; Karl, 
1980). These methods have proven of value and are being used 
as indicators of biomass in recent technical journal 
articles (Marks et al., 1991a, b, c; Portier et al., 1987; 
Salameh et al., 1991) for describing cellular growth in OHS 
systems. Catallo and Portier (1991) demonstrated large 
multi-directional variances between the SPC methods and 
microbial adenosine triphosphate (microbial ATP) in 
bacteria, fungi, protozoa, and meiofauna bacteria, in a 
comparison of the two methods in analyzing microbial 
populations in soil contaminated with PNA's and nitrogen
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containing aromatic compounds. Plate count methods that are 
properly executed are repeatable and can accurately mirror 
microbial growth in terms of exponential, stable or 
declining states in continuous reactors (Marks et al., 
1991c). The author has developed a modified pour plate 
method based on method 907A (APHA-AWWA-WPCF, 1985) which is 
reproducible, and generates plate counts in an incubation 
period of 24 hours at room temperature (22°C). The method 
uses fast-response Diffco nutrient agar and an estimated 95- 
100 percent of colonies have appeared within the 24 hour 
incubation interval. The method description is included in 
Appendix A. The objection given in Standard Methods (1985) 
that pour plating does not readily distinguish between 
cells, air bubbles, and particulates on low count cells, is 
invalidated if a stereo zoom microscope is used in 
conjunction with a good light. This added measurement 
resource is important when plate counts are low (0 - 3 0 
range) and is also excellent for confirming or rejecting 
suspected growth on blank plates. Extensive and different 
plating methods, in any case, should be carried out for 
important cultures using Jensen's agar, Martin's agar, and 
applicable biocides including as cycloheximide, and 
chlorotetracycline, to obtain counts for the four general 
groups of microorganisms (bacteria, actinomycetes, yeasts, 
and fungi) while using live counting methods for protozoa 
and nonprotozoan fauna.
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4.8.2.2 Carbon Dioxida Respiration
The measurement of carbon dioxide respiration on larger 
continuous flow reactors is difficult. Gas washing bottles 
are typically used to remove C02 in the lab air supply 
entering the continuous reactor (usually a caustic wash 
followed by a water wash) with a duplicated facility on the 
off gas from the reactor to measure the reaction-generated 
C02. These large systems tend to leak and if caustic is 
entrained into the reactor system, experimental results can 
be invalidated. An alternate approach was to operate small 
microcosms in parallel with the larger continuous reactors. 
This procedure was based on an adaption of the long-term 
measurement of C02 evolution rates from soils (Haber, 1958) . 
A cross-section of the respirometer is shown in Figure 6.
260 ML ERLENMEYER FLASK
AIR ENTRY VALVE
SUSPENDED SOLI 
FROM CSTR
KOHTRAP
SEAL
SHAKER BATH AT 22 DEGREES C.
C02 DETERMINED BY HQ TITRATION OF KOHTRAP
FIGURE 6. RESPIROMETER FOR CARBON DIOXIDE RESPIRATION 
FROM AUGMENTED PETROCHEMICAL SLUDGE
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This batch system contained a measured quantity of 
potassium hydroxide (KOH) in the internal absorption trap 
located in the sealed respirometer. The main reactor samples 
are transferred to the small batch reactors placed in the 
flask and both systems received the same treatments and 
biodegraded in parallel for 24 hours. The carbon dioxide 
produced from microbial respiration in the small flask was 
quickly absorbed by the KOH absorbent. Tris-standardized 
hydrochloric acid <HC1} was used to back-titrate unreacted 
KOH absorbent. The C02 evolution was expressed as equivalent 
reaction carbon in mg C02.C/day. The KOH was standardized 
daily and aseptic procedures followed. The endpoint was 
phenolphthalein-driven and was sharp and repeatable. Barium 
chloride was added before the HC1 titration to precipitate 
carbonates. The respiration curves representing ultimate 
degradation shown in this dissertation have been developed 
by this procedure.
4.8.2.3 Bigh Resolution Gas Chromatography 
The polarity-segregated PNA samples from solid-liquid 
interface adsorption were volume-reduced by primary kuderna- 
danish concentrators and/or nitrogen reduction for small 
volume control, and analyzed by high resolution GC:FID or 
high resolution GC:MS. All intermediate and final liquid 
extraction samples for GC:FID or GC:MS were sealed in glass 
vials with screw cap mininert valves. These valves permitted 
only teflon-to-glass contacts and the septa were made from 
silicone. Volume security was assured for 2-3 weeks, even
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with 0.1-0.3 ml samples. The use of high resolution 
capillary column GC:FID required comparison to standard 
samples to identify and quantify individual concentrations 
of PNA's of interest (Boehm et al., 1984). Both GC:MS and 
GC:F1D systems were used for analysis of PNA's in this 
dissertation.
Method 8100 (EPA, 1986) was used to quantitate BaP 
for the high concentration BaP reactant product samples. The 
EPA approved column used for this application was specified 
as follows: fused silica capillary column (Durabond 5), 
length « 30 meters, internal diameter (id) ■ 0.25mm, and 
film thickness ■ 0.25 micrometers. The gas chromatograph 
for this application was a Hewlett Packard model 7790A, 
using flame ioni2ation detection (FID) and prescribed 
helium carrier gas. Calibration curves were developed for 
all PNA analytes of interest. These included: 
benzo(a)anthracene/chrysene, benzo(a)pyrene, fluoranthene,
2-fluorobiphenyl, fluorene, phenanthrene/anthracene, and 
naphthalene. Figure 7 shows the secondary standard for 
benzo (a)pyrene for the high BaP runs. This standard was 
derived from purchased primary standards (J & w Scientific,
1991). Benzo (a)anthracene/chrysene and phenanthrene/ 
anthracene are described as pairs due to the difficulty of 
separation of these pairs in heavily degraded reactor 
systems.
The other secondary standards are included in Appendix B 
along with: a table of linear equations that mathematically
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describe the secondary standards; examples of calculation 
procedures for BaP from raw chromatographic data; 
description of the high resolution fused silica capillary 
column and standard gas chromatograph operating conditions 
showing two full calibration runs on the 16 PNA component 
EPA approved primary standard.
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FIGURE 7. BENZO(a)PYRENE SECONDARY STANDARD
4.8.3 8olids Mass Balanes
Models can be developed for measuring sludges in terms 
of solids, hydrocarbon constituents, and inert solids. 
Indirect methods are used to measure biomass such as 
microbial-ATP or pour plate counts <PPC). The incoming feed
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is assumed to contain negligible biomass. Dormant cells 
usually are present in sludges but their contributions to 
the initial total viable cells is assumed negligible. A 
series of batch kinetics tests were performed as an 
independent part of the research project on oils separated 
from samples of API separators sludges. The Monod empirical 
growth relationship appeared to provide the best fit for the 
API separator sludge oil kinetics (Forbes, 1988, Field et 
al., 1988a). This relationship is expressed in approximated 
first order form as
dX/dt = u SX/K ...........   (20)
1(1 S
where X is the cell concentration (mg/1) at time t, um is 
maximum specific growth (t-1) , S is substrate (mg/1), and Ka 
is a saturation coefficient (mg/1).
A review of scientific literature indicates that many 
organic chemicals biodegrade according to first-order rates 
in terms of the organic chemicals concentration (Dragun, 
1986). The linear equation developed earlier as equation 16
logC = Logco -0.4343kt .....................  (16)
was used for determination of half-lives of PNA's in the 
pulsed-flow continuous sludge reactors as it provided the 
best fit when compared to zero order and second order 
equations.
An important concept in biologically mediated 
degradation is in the terminology used to describe the 
outcome or efficiency of the process. "Primary degradation” 
relates to structural changes in the organic chemical, and
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organic chemical degradation rates are referenced in terms 
of removals, disappearance, or loss of the initial chemical. 
"Ultimate degradation", on the other hand, is the total 
destruction of the original organic chemical into end 
products of carbon dioxide, water, oxygen, and other 
inorganic products of metabolism. Ultimate biodegradations 
are reported in terms of BOD, COD, oxygen uptake, methane, 
carbon dioxide evolution, or loss of dissolved organic 
carbon. Primary biodegradation of the organic PNA's was 
the focus of measurement in this dissertation. Carbon 
dioxide evolution was used to measure dissolved reaction 
carbon.
Daily monitoring was used to quantitate total 
suspended solids from the continuous reactor systems at 
constant feed rates, constant recycle rates and constant 
withdrawal rates until steady state conditions of total 
suspended solids in the reactor were observed. Monitoring 
parameters were used to confirm that steady state conditions 
had been achieved. Quantitation of BaP, Oil, and other PNAr s 
were obtained in an analogous manner.
A general mass balance equation was developed to 
describe differential change of mass for unsteady state 
which can be simplified to represent steady state 
conditions. The flow diagram which can be used for modeling 
the total suspended solids which includes inert solids, and 
the combination of biological solids and residue polymers 
(BP), PNA's, and oil content, is shown on Figure 8 . There is
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no direct method of measuring biomass in high-oil, high- 
solids sludges and the biological solids and oil residue 
solids cannot be easily separated. The symbols on Figure 8 
follow the notation of the International Association on 
Hater Pollution Research and Control (IAWPRC) working group 
for use in the description of wastewater treatment processes 
(Grau, et al., 1987).
BIOREACTOR
Q, So, Xo
WASTE SOLIDS Qw, X, S
(Q -Q w ), Se, Xe 
s.
CLARIFIER
Qr, Xr, Sr
SUSPENDED SOLIDS X« I + BP, Xo - Io 
SUBSTRATES S - B(a)P AND OIL
FIGURE 8. FLOW DIAGRAM FOR SLUDGE REACTOR AND 
NOTATION FOR SOLIDS MASS BALANCE ENVELOPES
A particulate solids balance can be made by defining X 
as continuous reactor total suspended solids and includes 
inert solids, the combination of biological solids + 
polymers, and semi-volati1e PNA's which salt out or
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precipitate into the aqueous phase. A general mass balance 
equation, adapted from Kincannon and Stover, 1983) contains 
the following terms:
change « inlet - waste - effluent + /- biological
in mass mass mass mass mass
+/- sorbed - stripped + biopolymer 
mass mass mass
If X is the concentration in mg/1 of total particulate
solids, and is defined as equal to I + BP where I is the 
inert solids (mg/1) entering the reactor and BP is a 
combination of the biological solids and P is the solids 
formed from the production of polymers. The inert solids can 
be measured but not the biological solids or the polymer 
solids. A solids balance can be written as
VtdX/dt)^ * QXe - QWX - (Q - QW)X# + V (dX/dt) R +/- V(dX/dt)A
- V(dX/dt)s + V(dX/dt)pNA..............  (21)
where t * time in days, V = reactor volume in liters,
(dX/dt) is the mass reactor accumulation which becomes 0
at steady state, (dX/dt)R is the reaction term and contains 
three components of which only inert solids is known, 
(dX/dt)A is mass change from any adsorption/desorption of 
solids, <dX/dt)s represents strippable solids which have 
been removed from the reactor liquid-solid suspended growth 
system, and (dX/dt)p()A represents any PNA's precipitated as 
solids. Definitions of other variables in Figure 8 include: 
Q = volumetric flow rate of inlet feed in ml/d or 1/d, So *
mass inlet substrate as BaP or oil in units of mg/1, Xo ■
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mass of inlet solids as inert solids and defined as Io in 
units of mg/1, Qw is volumetric flow rate of waste solids, X 
is total particulate mass of solids in reactor suspended 
solids in units of mg/1 and X * I + BP where I is the mass 
of inert solids in reactor suspended solids, BP is the 
reaction accumulation term and is the total of biological 
solids + residue polymers with units in mg/1, S is the mass 
concentration of either BaP or oil in the reactor depending 
on the model used, and Xe is the concentration of 
particulate solids in the reactor effluent assumed at all 
times to equal 0.
A review of all the general model terms leads to 
elimination of terms which are adjudged to be insignificant. 
Better definition of the mass sorbed term in equation 21 
requires a developmental study. For this dissertation, the 
sorption term can be deleted by the following arguments. The 
hydrophobic bonding reaction is not an issue as the reactive 
clay components in the raw sludge are saturated with BaP and 
other PNA solids. BaP has an aqueous solubility of 
approximately 1 ppb. Kariclchoff et al., (1979) indicated
that pyrene was adsorbed in equal quantities on either 
silts or clays and that 1 ppb of pyrene in water resulted 
in 1.5 ppm pyrene reversibly sorbed on silts or clay. An 
analogous case for BaP with aqueous solubility of 1 ppb, 
would assume equilibrium sorption of 1.5 ppm of BaP on the 
solids. This sorbed BaP would not be a significant factor in 
a particulate solids balance.
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The volatile stripping term can also be deleted from 
the mass balance by the following arguments. Respiration air 
was introduced into the top cover of the sealed reactors and 
oxygen for respiration had to pass through the vapor-liquid 
reactor interface. No vapor stripping of the liquid-solid 
phase occurred. Kincannon and Stover (1983) did not find any 
evidence of naphthalene stripping. Naphthalene is the only 
PNA which is considered to have a strippable component. Air 
rates to the continuous reactors in this dissertation were 
maintained at 0.5-0.6 1/min at standard conditions. The 
volatile stripping term was set equal to zero.
The final term in the general equation for 
crystallization or precipitation of the semi-volatile PNA's 
can be deleted as it was not a significant quantity. The 
highest concentration of BaP tested was 100 mg/1 and the 
daily total suspended solids was estimated at 50,000 mg/1 . 
Total precipitation of the PNA's would represent a maximum 
solids content of 0.2% w/w if no degradation occurred. The 
term V (dX/dt )PUA was set equal to zero.
No particulate solids were found in the effluent and 
the general model with the assumption that Xe » 0, is
V (dX/dt )M  - QXo - QwX + V (dX/dt )R .................  (22)
This equation can be simplified as the initial term QXo is 
equal to QIo or Fi which is the daily feed mass solids 
loading in mg/d and is a constant. Thus
Fi - QXo .............................................(23)
Substitution of equation 23 into equation 22 gives
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V(dX/dt)^  - Fi - QwX + V(dX/dt)R ................... <24)
Examination of this equation for an unsteady state solution 
involves a complex differential equation as the reaction 
term involves three variables linked by the equation
X = I + BP .......................................... (25)
The total particulate solids term X (mg/1) is the product of
three variable components. The inert solids term I can be
described as a curvilinear function of diminishing slope and 
reaching a constant slope at equilibrium. The compound 
variable term consists of biological solids and residue 
polymers. The differential rate of the biological solids 
would be highly variable with both positive and negative 
flucuations. The differential rate would be initially fast 
and then dampened and variable over time by the effect of 
accumulating toxicity of the BaP. The polymer production 
would be variable as polymers would be produced by both 
biotic and abiotic reactions. If the total particulate 
solids X and the inert solids I are measured from continuous 
reactor system startup, then the total biological solids + 
polymers at any time can be derived during the unsteady 
state period. At steady state condition, it is readily 
observed that X becomes constant and the derivative of X is 
0 and equation 25 reduces to
Fi - QwX ............................................. (26)
This model predicts the continuous reactor total suspended 
solids for volumetric waste solids withdrawal at the 
constant conditions utilized. Steady state model predictions
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can be compared to measured total suspended solids for the 
reactor group A, B,C,and D and the reactor group E,F,G,and H.
4.8.4 BaP Mass Balance
The removal of BaP substrate by the kinetic model is 
assumed to be a biological process where the BaP is 
dissolved in the carrier solvent and solubility has been 
increased in the aqueous solvent by aid of surfactant 
micellular solubilization. It is assumed that all 
biodegradation and transformation of the BaP occurs from the 
solubilized aqueous phase. A second removal process would 
involve removal of the carrier solvent by biotic and abiotic 
processes and development of a supersaturated solution with 
respect to BaP and other low solubility high molecular 
weight PNA's. Precipitation of crystalline BaP would begin 
into the aqueous phase when the organic solvent became 
saturated with respect to BaP. The precipitated material 
would be expected to become readily bonded to the solid 
phase as a result of the strong mixing. A general model for 
BaP is
V (dS/dt) ^  = QSc - QWS - (Q - QwiS# - V (dS/dt) R
- V(ds/dt)p ............................................  (27)
where V ( d S / d t i s  the accumulation term with S in mg/1 and 
t time in days, QSo is the mass BaP input in mg/d and equal 
to FBaP1 with Q in 1/d and SQ in mg/1, QWS is the mass BaF 
removal rate in the waste solids in mg/d and equal to FBaPw 
with Qw in 1/d and S in mg/1, (Q - Qw)S# is the mass flow 
of BaP in the clarifier effluent in mg/d and equal to FB#p#
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with in mg/1, V(dS/dt)R is the biological removal term 
in mg/d, which includes abiotic reactions such as 
radical cation polymerization of the benzo(a)quinones, and 
V(dS/dt) is the solids removal term. BaP stripping and 
adsorption/desorption terms have been discussed earlier and 
have been assumed to be zero for the kinetic model.
The probability of BaP precipitating out of 
aqueous solution in the continuous reactor environment in 
either unsteady or steady state conditions is low. Carrier 
solvent was supplied initially to insure that solubility of 
BaP in the organic solvent. BaP is transferred to the 
aqueous phase where biodegradation and transformation are 
consummated. If BaP started crystallizing from organic 
carrier solution and migrating to the aqueous phase, it 
should be observed in clingage measurements. A previous 
batch reactor program showed that crystalline BaP 
accumulated in the solids phase and significant changes in 
BaP concentration would be observed in the waste solids. 
Rapid changes in the concentration of BaP in the waste 
solids in the continuous reactors would negate a steady 
state condition. Thus, a steady state condition can exist 
when the derivative of the precipitation term would be equal 
to 0 .
The unsteady state data can be obtained daily from 
start of run by measuring inlet BaP, outlet BaP, reactor 
suspended growth phase inventory (accumulation), and 
calculating the loss from the complex reaction process. The
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differential rate term for the model would include the rates 
for biodegradation by fortuitous transformation, 
biotic/abiotic fungal mineralization and polymerization, and 
other undefined removal processes. The equation would be 
V(dS/dt(accumulation) - FB«pi “ <fb»p« + fb»p«*
- V (dS/dt)K .......................................  (26)
The steady state condition would be defined by constant 
daily removal of BaP and no change in the accumulation term. 
The differential terms would equal zero and the equation 28 
would simplify to
F BaPi " FB*Pm “ FB«P« “ ^   (29)
Substituting in flow and concentration terms gives
S = [Q/Qw]So - [Q/QW]S# + S. ........................ (30)
Equation 30 will permit calculation of the reactor
substrate concentration in mg/1 for comparison with measured
equilibrium values.
4.6.5 Oil Substrate Mass Balance
The oil mass balance is developed in a similar manner to
mass balance for BaP. Terms will include: daily inlet oil,
daily outlet oil in the waste solids and effluent,
removal by biological reaction, and removal by stripping.
The S stands for oil substrate in this instance and the
general equation is
V(dS/dt)„0 - QS0111 - Q„S011 - (Q - Q„)S,0il. - V (dS/dt) R0 -
V (dS/dt) so ..........................................  (31)
where vtdS/dt),^ is the accumulation term for the oil in 
mg/1, QS0ill is the oil in where Q is 1/d and S0111 in mg/1,
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QwSoii is the oil leaving in the waste solids with SQil in 
mg/1, (Q - Qw)SQil# is the waste oil in effluent with Soilw in 
mg/1, V(dS/dt)R0 oil reaction term in mg/1, and V(dS/dt)so is 
the strippable oil in mg/1.
Data on the recovery of oil in both the PUF overhead 
filters has showed only trace amounts of oil recovered in 
previous testing. Thus the strippable oil term was set equal 
to 0.
Small quantities of oil were often found in the 
clarifier effluent so the effluent oil term was retained and 
the model used was
V(dS/dt)RA0 - QSoill - Q„S011 - (Q - Q.)Sotl. -
V(dS/dt)RO ....................................... (32)
Measurement of the oil from day 1, permitted using a 
simple equation to obtain process data for the unsteady 
state differential equation. Daily measurements included: 
inlet oil, oil concentration in the suspended growth 
continuous reactor, oil in the waste solids stream, and oil 
in the clarifier effluent. The oil accumulation in the 
continuous reactors was calculated from the following 
equation
Oil accumulation - QS0ill - QWSQ11 - (Q - Qw,S0il,
- V <dS/dt)R0 .................................... (33)
The accumulation term is calculated from start of run for 
unsteady state conditions and permits calculation of a new 
reaction term daily.
For steady state operations, the change in the
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reaction oil becomes constant and the accumulation becomes 
equal to 0. Thus equation 33 can be reduced to
S011 = CQ/Q.js0111 - [Q/Q.]S011. + S011.   <34)
Equation 35 can be used to predict the concentration of oil 
in the reactor at steady state and comparisons made with 
measured oil quantities.
4.9 Reactor Construction
The construction cross-section of one of the Pyrex 2 
liter resin kettles is shown in Figure 9. Each kettle serves 
as a sealed continuous reactor equipped with a glass cover 
and a spring-loaded ribbed teflon gasket to insure a
TEFLON OR GROUND GLASS ADAPTERS
TEFLON SEAL
CLAMP RING
LIQUID SURFACE 
(CONCAVE)GLASS BODY
TEFLON STIRRING BAR
FIGURE 9. PYREX BOROSILICATE GLASS 2 LITER 
RESIN KETTLE CONTINUOUS SLUDGE REACTOR
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positive seal. Each cover contains 4 tapered ground glass 
openings. Teflon and/or ground glass fittings are used to 
connect the reactor to receive external feed streams and 
export products. The inlet air is pumped into the vapor 
space of the reactors from multiple low pressure air pumps 
and is controlled by globe valves and measured with Gilmont 
flow meters at rates of 500-700 ml/min. Strong mixing 
energy is provided by large magnetic stir bars located in 
the reactor bottoms. This mixing is controlled to maintain a
3-4" cavity in the liquid surface for complete uniformity of 
sludge in the reactors. Through-cover stainless steel 
variable speed mixers are available in case of extremely 
high solids conditions. The installed stirring equipment is 
designed to handle sludges containing very high solids. A 
solids recycle is incorporated into the process system to 
control the level of inert and microbial solids and 
increase biodegradation. Separatory funnels with teflon 
stopcock and plugs are used for clarifiers.
4.10 Quality Assurance and Quality Control
Quality assurance and quality control will be met by 
following the sampling methodologies and the analytical 
techniques prescribed in the SW-84 6 procedures and using 
sampling replication to meet accepted statistical criteria. 
The quality assurance and quality control requirements are 
described in a separate QA/QC document entitled "Biological 
Treatment of Petroleum and Petrochemical Hazardous Hastes" 
dated 5/24/90 under the administration of The Hazardous
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Waste Research Center, a Center for Excellence, at Louisiana 
State University. The methods and analyses procedures used 
in this dissertation meet the standards set in the QA/QC 
document.
All chemicals used in the project meet current EPA 
minimum purity and storage specifications.
CHAPTER V
RESULTS
5.1 Hypothesis 1 - Proof of Biodegradation
The oxygen uptake for the sterilized petrochemical 
sludge is shown in Figure 10A. Reactors A and B which were 
both provided with microbial inocculum, demonstrated marked 
02 consumption on the sludge substrate. Reactor C was not 
given the microbial inoculation and did not demonstrate 02 
consumption. It is suggested that the added microbial 
culture is responsible for oxygen consumed in reactors A and 
B. The oil content was extracted from reactor A over a
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FIGURE 10A. PROOF OF BIODEGRADATION 
BY AEROBIC RESPIRATION
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period of 7 days and this data is shown in Figure 10B. The 
substrate disappearance plus the oxygen uptake is evidence 
that microbial degradation has taken place in reactor A 
which utilized the oil for metabolism and growth and th 
oxygen for respiration. The combination of respiration and 
substrate loss demonstrate that aerobic biodegradation has 
occurred and established proof of biodegradation.
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FIGURE 10B. OIL SUBSTRATE DECLINE RESULTING FROM 
BIODEGRADATION OF OIL IN BATCH REACTOR A
5.2 Hypothesis 2 - Achievement of Low Rsnge Treatment Goals 
With Pulsed-Flow Continuous Sludge Reactors Loading up to 
300 mg BaP/kg Dry Feeds Solids and Release of Waste Solids 
Containing Less Than 12 mg BaP/kg of Dry Product Solids
The averaged results of the two pulsed-flow 
continuous sludge reactors are shown in Table 20.
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TABLE 20
OIL AMD BaP BALANCES FOR SERIES 1 AND 2 SLUDGE REACTORS 
TREATING SLUDGE CONTAINING UP TO 300 mg BaP/kg FEED SOLIDS
REACTOR INPUT SERIES 1 SERIES 2
SLUDGE FEED, g/d 9.9 19.8
BaP LOADING, mg/kg 297 284
OIL LOADING, mg/1 2,325 3,230
DRY SOLIDS g/d 1.36 2.80
REACTOR OUTPUT
OIL RECOVERED, mg/1 1,020 1,120
OIL REMOVALS, mg/1 1,305 2,240
BaP IN LIQUID, mg/1 0.01 0.02
BaP IN SOLIDS mg/kg 2.95 12.0
BaP DESTROYED, % ON FEED 99.0 95.8
NOTES: BDL = BELOW DETECTION LIMIT, ALL SOLIDS DRY WEIGHT
Both series of reactors meet the criteria of hypothesis 2 
of waste solids products meeting the EPA CCL land disposal 
target of 12 MG/KG for BaP. The concentrations of BaP in the 
clarifier effluents were found to be 0.01 - 0.02 mg/1 and 
significantly higher than 0.003 mg/1, the typical solubility 
reported (Montgomery, et al., 1990). The higher recoveries
are believed to the result of imprecise separation between 
the clarifier effluent and the waste solids.
No surfactants were used in these tests and clingages 
were factored out of the feed rates. Oil removals were 56.1%
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w/w for series 1 and 69.4% w/w for series 2. This suggests 
that the residence times were too short to degrade the more 
toxic fractions of the oils in the sludge pollutant mixture.
GC:MS results of the PNA's in the sludge feed and 
reactor products a continuous reactor run T1R1 from series 1 
is shown in Table 21 and includes all EPA PNA's on the 1990 
constituent contaminant level {CCL) list.
t a b u : 21
PNA REMOVAL EFFICIENCIES FOR TESTING EPA CCL GUIDELINES FOR
REACTOR T1R1 TREATING 285 mg BaP/kg OF DRY FEED SOLIDS
PNA FEED RATE EFFLUENT 1990 EPA CCL
mg/kg mg/kg mg/kg residuals
NAPHTHALENE 3923 14 . 6 42
FLUORENE 788 5.8 NONE
PHENANTHRENE 1244 7 . 0 34
ANTHRACENE 1121 3.4 28
FLUORANTHENE 256 0.2 NONE
PYRENE 418 2.8 36
BENZO(a)ANTHRACENE 238 5.0 20
CHRYSENE 494 0.2 15
BENZO(a)PYRENE 285 3.8 12
It is observed that all effluents for the listed PNA's in
the petrochemical sludge met the EPA 1990 CCL requirements.
The solids from this sludge can be biodegraded for land
disposal at the sludge dilutions used in the three series of
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tests. Inspection of the data would suggest that 
ben2o (a)anthracene and benzo(a)pyrene are the two most 
bioresistant PNA's on the list and these two hazardous 
hydrocarbon constituents are considered two of the most 
carcinogenic of the PNA's.
Figure 11 shows the change of BaP in the waste solids 
with doubling of the BaP loading rate. The average BaP in 
output solids has increased from an average of 3.0 mg/kg at 
average BaP loading of 0.40 mg/d to an average of 12.0 
mg/kg at an average loading of 0.80 mg/l/d.
The effect of doubling the petrochemical sludge loading 
rate from 9.9 g/d to 19.8 g/d is shown on Figure 12. The BaP 
in waste solids has increased from 3 mg/kg to 12 mg/kg 
analogous to Figure 11. The impact of either doubling the 
BaP in feed solids or doubling the sludge fees rate, results 
in release 4 times as much BaP to the waste solids. The 
change in of oil product as a result of doubling the oil 
loadings in Figure 13, however, shows that oil removals 
have increased from 56% 70 69% w/w. Figure 14 shows a 
typical reactor mass balance for reactor T2R2 loading 283 
mg/kg of BaP. BaP in the overhead trap was below the 
detection limit of 50 nanograms, BaP in the clarifier was 
slightly above the solubility limit, and the waste solids 
contained 0.04 mg/l/d of BaP equivalent to 11.0 mg/kg and 
met 1990 EPA CCL limit.
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FIGURE 14. BaP MASS BALANCE FOR CONTINUOUS 
REACTOR T2R2 LOADING 0.794 mg/l/d (283 mg/kg)
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5.3 Hypothesis 3 - Testing for e Biological Response for 
Degradation of BaP loadings of up to 40,000 mg/kg in Clays
Sterile Reactive Clays and Reactive Clay/Sand Mixtures 
are used to demonstrate that BaP will biodegrade in 
suspended growth batch reactors at up to 40,000 mg BaP/kg of 
dry feed solids.
5.3.1 Biological Response with BaP-enriched Fuller's Earth
Fuller's earth was used for the initial test work and 
key process parameters and results are shown in Table 25. 
Surfactant TN-101 and seed culture were added to 
reactors RO and R3 and reaction has occurred in these 
reactors as evidenced by the drop in pH from 7.8 to 7.4 in 
both reactors. Separate confirmation that biodegradation 
caused the acidic condition was the increase in plate counts 
by the pour plating of three orders of magnitude since the 
start of run. The production of acids and alcohols resulted 
from the degradation of the primary carbon source by beta- 
oxidation (Dragun, 1988).
Significant percentages of BaP were observed on the 
reactor walls as clingages for those reactors which did not 
contain seed cultures. Reactors R0/R3 and R2/R4 were 
duplicate pairs and R1 was a blank reactor.
The BaP mass balance results are presented as average 
removals at the end of Table 22 and biodegradation was the 
dominant process of removal accounting for 848 mg of BaP/kg 
of dry solids (59.3% w/w). Other processes removed 115 mg/kg 
and it is suggested that sorption and entrapment in the
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solids matrix were principal competitive processes.
TABLE 22
PROCESS PARAMETERS AND MASS BALANCES TOR BIODE6RADATZON Or 
1430 mg/kg Or BaP IN BATCH REACTORS WITH FULLER'S EARTH AS
THE REACTIVE CLAY SOLIDS
REACTOR R0 BLANK R2 R3 R4
INPUT BaP AND PROCESS PARAMETERS
BaP, mg/kg SOLIDS 1430 0.00 1430 1430 1430
TOTAL OIL, mg/1 7100 3550 7100 7100 7100
PPC, cfu/ml, 0 h 1.1x10s 1 .3x10®
PPC, cfu/ml, 96 h 8 .1x10® 1.4x10®
TSS, mg/1, 96 h 15000 - - 12000 -
pH, t = 0 h 7.8 8.2 8.2 8 .1 7.8
pH, t = 96 h 7.4 8.2 8.2 7.2 7.7
OUTPUT - BaP % W/W ON FEED
LIQUID, 1.33 0 1.10 1.10 0.80
CLINGAGES, 9. 90 0 39.7 3.50 17.3
SORPTION/ENTRAPMENT 20. 8 0 49.3 28.5 75.7
TOTAL RECOVERY, 32. 03 0 90.1 33.1 93.8
TOTAL REMOVAL, 67 . 97 0 9.90 66. 90 6.20
PROCESS REMOVALS BIODEGRADATION SORPTION/ENTRAPMENT
REACTOR AVERAGES R0/R2 R2/R4
BaP, mg/kg DRY SOLIDS 848 115
Biodegradation is the dominant process and the hypothesis 3
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is true for biodegradation using Fuller's earth.
5.3.2 The Testing of Hypothesis 3 with BaP and Kaolinite
Table 23 shows the process parameters and mass balances
TABLE 23
PROCESS PARAMETERS AND MASS BALANCE FOR BIODEGRADATION OT 
2124 MG BaP/KG Or KAOLINITE CLAY SOLIDS
REACTORS BLANK R2 R3
BaP IN, mg/kg KAOLINITE 0.00 2124 2124
INITIAL PCC, cfu/ml 0 0 2.5xl04
72 HOUR PCC, cfu/ml 0 0 3.6xl07
144 HOUR PCC,cfu/ml 0 0 2.3x10®
STARTING pH 7.6 7.6 7.4
pH AT 144 HOURS 7.8 7.9 6.0
BaP OUT
OVERHEAD VAPOR, mg/1 0.00 1.10 0.60
LIQUID, mg/1 0.00 1.30 1.50
WALL CLINGAGE, mg/kg 0.0 947 44
SORPTION/TRAPPING mg/kg 0.00 558 318
RECOVERED BaP, mg/1 0.00 19.4 6.20
TOTAL BaP REMOVED mg/1 0.00 4.60 17.8
BaP OUT, mg/kg 0.00 407 407
DEGRADED BaP, mg/kg 0.00 0.00 1168
% w/w SORPTION/TRAPPING 0.00 19.2 19.2
% w/w BY BIODEGRADATION 0.00 0.00 55.0
101
for sealed batch reactor testing of BaP with kaolinite clay. 
The dominant removal process is biodegradation and has 
removed 55% w/w of the BaP in the stirred kaolinite 
suspension. The reactive clay removed 19% w/w of the 
original BaP and removal is believed to have occurred 
through sorption and trapping of BaP in the suspended 
solids. Proof of biodegradation has again proven hypothesis 
3 to be true.
5.3.3 The Testing of Hypothesis 3 with PNA-enriched 
Clay/Sand Mixture in Batch Roughing Reactors
The results from the testing of hypothesis 3 by 
biodegradation of high concentrations of PNA's in batch 
roughing reactors for 7 days, is described in Table 24.
The removals include microbial biodegradation, and 
combined sorption/entrapment by the reactive clay fraction. 
It is suggested on the basis of the earlier tests that the 
quantity of clay in the reactors would result in sorption 
and entrapment in the suspended solids of approximately
5,000 mg/kg of BaP, and removals due biodegradation are 65- 
70% w/w.
The overall results from this test series indicate that 
highly concentrated BaP and other PNA's are removed from 
batch suspended growth systems under optimized conditions 
for growth, and the dominant removal process is 
biodegradation based on mass balances where quantities of 
BaP found in clingages, entrapment and sorption on suspended 
solids are less than the quantities attributed to
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biodegradation. The demonstrations of biodegradation in all 
test sequences have proven hypothesis 3 to be true.
TABLE 24
RESULTS Or BIODEGRADATION Or ANTHRACENE, BENEO(a)FYRENE, 
CHRYSENE, AND PHENANTHRENE IN BATCH ROUGHING REACTORS
DUPLICATE REACTORS 
INITIAL PNA'S
ANTHRACENE/PHENANTHRENE mg
CHRYSENE mg
BENZO(a)PYRENE mg
FINAL PNA'S
ANTHRACENE/PHENANTHRENE mg
CHRYSENE mg
BENZO (a)PYRENE mg
AVERAGE REMOVALS 
ANTHRACENE/PHENANTHRENE %
CHRYSENE %
BENZO(a)PYRENE %
RRl RR2 AVERAGE
400 400 400
200 200 200
200 200 200
31.8 41.1 36.5
37.5 17.8 27.7
56.8 40.6 48.7
90.9
86.2
75.7
5.4 Achievement of High Range Treatment Goal* by Removal of 
90% of BaP Loadings as Measured in Haste Solids from Pulsed- 
Flow Continuous Sludge Reactors at Loadings up to 3500 mg 
BaP/kg (Hypothesis 4)
This hypothesis was the next step in the sequence 
following batch reactor demonstrations that BaP could be 
transformed by biological oxidation at concentrations at up
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to 40,000 mg/kg in batch reactors. Key process parameters 
and results for the four reactors testing Hypothesis 4 are 
shown on Table 25. This table shows significant reductions 
in oil and BaP for all four reactors. Oil removals ranged 
from 89.3 - 92.4% w/w on input oil rates of 5,700 to 6,170 
mg/1. The small quantities of clingages found in the 
reactors at disassembling time were tabulated in Appendix C.
TABLE 25
STEADY STATE PARAMETERS, BaP MASS BALANCE TOR 90% REMOVAL 
rOR SLUDGE REACTORS LOADING UP TO 3475 mg BaP/kg PEED SOLIDS
REACTOR A B C D
BaP LOADING mg/kg 1705 1709 3486 3465
TOTAL OIL LOADING mg/1 5700 5700 6170 6170
pH 6.4 6.2 6.6 6.1
TSS, mg/1 36500 47800 41700 5160
RESPIRATION mg C02.C/d 159 169 158 173
PPC - cfu/ml 0. 4xl07 2 .4xl07 3.1x10* 1.3x10®
TOTAL OIL REMOVAL, mg/I 5180 5265 5670 5508
TOTAL OIL REMOVAL, % w/w 90.9 92.4 91.9 89.3
BaP IN EFFLUENT, mg/1 0.58 0.58 0.88 0.88
BaP - WASTE SOLIDS, mg/kg 149 155 281 279
BaP IN W. SOLIDS, % w/w 8.7 9.1 8.1 8.1
DRY PRODUCT SOLIDS, g/d 2.78 3.10 2. 97 2.99
A comparison of runs was made to determine whether or not 
the criteria for hypothesis 4 was met and this comparison is
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shown in Table 26. It is noted in all cases that the 
allowable BaP recovered is higher than the actual recoveries 
and thus the premise of hypothesis 4 has been achieved.
TABLE 26
COMPARISON OF BaP RECOVERY rOR EVALUATION OF HYPOTHESIS 4
REACTOR A B C D
MAXIMUM RECOVERY ALLOWED, mg/kg 171 171 349 347
ACTUAL RECOVERY, mg/kg 149 155 281 279
The partitioning of the recovered and destroyed BaP is 
shown in Table 27 for all four reactors in this sequence. 
The results show substantial destruction of the feed BaP.
TABLE 27
THE PARTITIONING Or THE BaP RECOVERED AND DESTROYED IN 
PULSED-FLOW CONTINUOUS SLUDGE REACTORS LOADING UP TO 3500 
mg BaP/kg OF SOLIDS
REACTOR
RECOVERY ON FEED, % w/w
A B C D
CLARIFIER EFFLUENT 0.4 0.4 0.3 0.3
WASTE SOLIDS 8.7 9.1 8.1 8.1
DESTROYED BaP, % w/w 90.9 90.5 91.6 91.6
The partitioning of BaP in Table 27 has demonstrated that 
91 to 92% w/w of the original BaP has been structurally 
changed by transformation. The average recovery for reactors
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A and B loading 1707 mg/kg is 9.3% w/w and the recovery for 
reactors C and D loading 3479 mg/kg is 7.9% w/w. The 
percentages of destroyed BaP for the two sets of reactors 
(A/B, C/D) was the same and it is suggested that the 
increased BaP feed loadings in these 4 four sludge reactors, 
did not result in any toxicological impact on the microbial 
population as evidenced by maintenance of microbial 
population density.
5.5 Testing for Evidence of e Microbial Threshold Limit in 
Response to Massive Dosages of BaP at up to 35,000 mg BaP/kg 
of Peed Solids: In Pulsed-Flow Continuous Sludge Reactors 
(Hypothesis 5)
The Pulsed-flow continuous sludge reactors for testing 
hypothesis 5 were a continuation of the hypothesis 4 tests, 
and were geared to using dosages of BaP up to the maximum 
levels where degradation occurred in the batch reactor 
testwork of hypothesis 3. The pulsed-flow continuous 
reactors were examined carefully for evidence of significant 
reduction in BaP transformation and decline in microbial 
density. Table 28 shows key test and result parameters. The 
results show that microbial culture performance declined in 
terms of BaP removal in waste solids for continuous reactor 
H loading 34905 mg/kg from the 92.6% w/w removal rate 
measured for reactor G to 60.8% w/w for reactor H. Microbial 
density declined by one half magnitude from the average of
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TABLE 28
STEADY STATE PARAMETERS FOR TESTING MICROBIAL CULTURE 
FUNCTIONALITY LOSS IN CONTINUOUS SLUDGE REACTORS FOR BaP 
LOADING RATES TROM 8725 TO 34905 mg/kg OF DRY FEED SOLIDS
REACTOR # E F G H
NET BaP LOADING, mg/kg 8725 17400 26370 34905
TOTAL OIL LOADING, mg/1 7590 9960 12330 14670
pH 6.2 6.2 6.3 6.1
TOTAL SUSPENDED SOLIDS, mg/1 51200 50600 49400 56100
RESPIRATION, mg C02.C/d 400 362 367 397
PLATE COUNTS, cfu/ml 0.7x10* 0.8x10* 0.8x10* 3.0x10s
OIL REMOVALS, mg/1 6790 8950 11300 13560
OIL REMOVALS ON FEED, % w/w 89.5 89.9 91.7 92.4
BaP IN EFFLUENT, mg/1 7.5 7.8 11.0 13.0
BaP IN WASTE SOLIDS, mg/kg 1067 1488 1956 13680
BaP IN WASTE SOLIDS, % w/w 12.2 8.6 7.4 39.2
DRY PRODUCT SOLIDS, g/d 2.53 2.52 2.54 2.97
reactors E, F, and G at 0.8x10* cfu/ml to 3.0xl05 cfu/ml for 
reactor H and this is not considered significant in terms of 
culture plating and by the performance criteria as defined 
in Chapter 4, section 4.6.2. Total suspended solids, 
respiration, and oil removals did not show any evidence of 
decline. BaP showed a reduction but as reactor the H was 
only one data point, the reduction in BaP to an indicated 
removal of 60.3 % may not be valid. It is suggested that
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this threshold limit for destruction of BaP may not be 
representative and hypothesis 5 is considered to be true at 
all BaP loadings of up to 35,000 mg/kg.
The partitioning of recovered and destroyed BaP is 
shown below in Table 29. This table shows that 0.5-1.4% w/w
Tabla 29
THE PARTITIONING OP RECOVERED AND DESTROYED BaP IN 
PULSED-FLOW CONTINUOUS SLUDGE REACTORS LOADING UP TO 35,000 
mg BaP/kg OF DRY FEED SOLIDS
REACTOR
RECOVERY ON FEED % w/w
E £ £ H
CLARIFIER EFFLUENT 1.4 1.1 0.7 0.5
WASTE SOLIDS 12.2 8.6 7.4 39.2
DESTROYED BaP % w/w 66.4 90.3 91.9 60.3
of BaP was found in the clarifier, while 7-12 %w/w of BaP 
was present in the waste solids of reactors E, F, and G, 
while Reactor H contained an indicated 39.3 % w/w of BaP 
loading. The destroyed BaP averaged 89.5% w/w for reactors 
E, F, and G, while only 60.3% BaP was destroyed in reactor 
H.
5.6 Staady Stata Ramovals of All PNA'S from Pulsad-riow 
Continuous Sludga Raactors: BaP Loadings from up to 35,000 
mg BaP/kg SOLIDS
Table 30 shows the removal rates for all PNA's loaded 
to the continuous sludge reactors. It is evident that higher
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TABLE 30
EQUILIBRIUM MASS REMOVALS OF ALL FNA'S IN PULSED-FLOW CON­
TINUOUS SLUDGE REACTORS AT STAGED AUGMENTED LOADINGS OF BaP
REACTOR A/B C/D E F G H
BaP FEED, mg/kg 1707 3475 8725 17400 26370 3490!
BaP REMOVALS 90.7 91 . 6 86.4 90 .3 91.9 60. 3
OTHER PNA REMOVALS
NAPHTHALENE 100 100 99. 8 100 99. 7 99.8
FLUORENE 9 9.5 99.0 91 . 0 93 . 0 87 . 0 94 . 0
FLUORANTHENE 99.3 98. 3 64 .2 79.2 85. 8 64 .2
PHENANTHRENE/ANTHRACENE
99. 9 99. 9 99. 0 99. 0 99. 4 99. 6
BENZO(a)ANTHRACENE/CHRYSENE
98. 9 97 . 8 77.9 91. 0 94.0 89.0
dosages of BaP did not have significant effect on removals 
on other PNA's.Fluoranthene showed some tailing in mass 
removal at higher BaP loadings but is not very significant. 
The main effect of disposal by land treatment would focus 
on BaP as all other PNA's tested relatively non-toxic and 
below the 1990 EPA CCL.
5.7 Kinetic Rata Constanta and Biological Ralf-Livas of tha 
FNA'S Tastad
The biological half-lives and biodegradation rate 
constants are summarized in Table 31. An increase in the 
reaction rate constant of a specific chemical results in a
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TABLE 31
SUMMARY Or FIRST ORDER REACTION RATE CONSTANTS AND 
BIODEGRADATION HALF-LIVES FOR PNA'S IN CONTINUOUS REACTORS
A/B, C/D, E, F, G, AND H,
(REACTION RATE CONSTANT, K days"1, HALF-LIFE, HL days)
REACTORS A/B C/D E F G H
NAPHTHALENE, K 4.33 3. 64 4.95 4 . 95 4 . 95 4 . 95
HL 0.16 0.19 0.14 0.14 0.14 0.14
FLUORENE, K 3.46 3.46 7 .22 7.22 7.22 7.22
HL 0.20 0.20 0.11 0 .11 0.11 0.11
FLUORANTHENE, K 3.46 3.46 3.47 3.47 2 .32 1.73
HL 0.20 0.20 0.20 0.20 0.31 0.40
PHENANTHRENE/ANTHRACENE
K 3.15 3.15 4 .08 4 .08 4 .08 4 .08
HL 0.21 0.21 0.17 0 .17 0.17 0.17
BENZO(a)ANTHRACENE/CHRYSENE
K 2.47 2 .47 0.69 0.77 1.16 1.16
HL 0.28 0.28 1.00 0. 90 0.60 0.60
BENZ(a)PYRENE K 0.74 0.63 0.69 0.58 0.87 0.39
HL 1.4 1.1 1. 0 1.2 0.80 1.80
decrease corresponding to a first order relationship in the 
respective half-life. The results are valid for strongly 
mixed continuous sludge reactors under conditions specified 
in Chapter 4 (Methods and Materials) . Significant increases 
are observed in Table 32 in the half-lives of fluoranthene,
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b e n z o (a )pyrene, and to a lesser extent the pair 
benzo(a)anthracene/chrysene.
5.8 Results of Steady Stete Predictive Models for Total 
Suspended Solids, and Substrates Benxo(a)pyrene and Total 
Oil for Pulsed-flow Continuous Sludge Reactors
Each model predicts either the mass of benzo(a)pyrene, 
oil mass or total suspended solids from the waste solids 
sample or in reactor inventory at steady state conditions. 
The two models are:
QIo = QwX, where X is the predicted total particulate 
solids (mg/1), and volumetric flow rates, Q and Qw, and 
inlet solids Io, are known.
S « [Q/QwJSo - [Q/Qw]Se + Se, where either BaP or oil 
concentration in the waste solids or reactor inventory can 
be predicted if Q, Qw, inlet substrate rate So, and effluent 
substrate rate Se are known.
Model predictions are compared to actual test values in 
Table 32 for reactors loading BaP from 1705 mg BaP/kg to 
34 905 mg BaP/kg. The solids model predicts a waste solids 
concentration (mg/1) within 1.5% of the actual for reactors 
A, B, c,and D, and predicts a waste solids concentration 
(mg/1) within 6% of reactors E, F, G, and H. The BaP model 
shows a strong deviation for the BaP value shown for 
the outlier point of reactor H of 13680 mg/kg and provides 
further evidence that questions the validity of the actual 
data for the single reactor H.
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TABLE 32
STEADY STATE PREDICTIVE MODELS FOR BaP t OIL SUBSTRATES, AND 
TOTAL SUSPENDED SOLIDS CONCENTRATIONS TOR CONTINUOUS SLUDGE 
REACTORS SERIES A,B,C, D, AND SERIES E,F,G,H
WASTE SOLIDS
REACTOR A B C D E F G H
MODEL, mg/1 43780 43780 43780 43780 54900 54900 54900 54900 
ACTUAL, mg/1 36500 47800 41700 51600 51200 50600 49400 56100
WASTE BaP - SBap 
MODEL, mg/kg 145 
ACTUAL, mg/kg 14 9 
WASTE OIL - SOIL 
MODEL, mg/1 8290 
ACTUAL, mg/1 7100
147
155
303
281
8290 8900
7600 8240
275
279
8900
8050
1185 1766 2620 2979
1067 1488 1956 13680
12900 17500 21500 24600 
12830 19200 19500 21200
The oil model predicts higher oil concentrations by up 
to 15% versus the measured values.
This concludes the presentation of results that support 
or verify the five hypotheses. Other detailed supportive 
results are presented in Chapter 7 on Analysis of Reactor 
Performance for High Range Treatments, and in Chapter 8 on 
Analysis of Reactor Performance for Threshold Limits.
CHAPTER VI 
DISCUSSION or RESULTS
6.1 Hypothesis 1 - Proof of Biodegradation
The raw petrochemical sludge would exhibit a low rate 
of oxygen uptake and culture plating would indicate low 
population densities. It would be difficult to measure 
substrate removal and correlate oxygen uptake to this 
process only. The better solution to prove hypothesis 1 was 
to use a sterilized sample of the raw petrochemical and use 
the acclimated stock culture to demonstrate high oxygen 
uptakes and easily measurable rates of substrate 
disappearance. Initial attempts at sterilization using 
chloroform, mercuric salts, and high temperature 
sterilization all failed and only irradiation with a 60Co 
radionuclide source succeeded in an absolute kill of the 
indigenous raw petrochemical sludge population.
A one quart sample of the raw petrochemical sludge was 
subjected to 4 rads/minute for 24 hours and this irradiated 
sludge was used in the 3 reactors to demonstrate 
biodegradation. The quantity of oxygen uptake observed for 
reactors A and B was too large to be considered as a redox 
reaction which would only be transitory at the start of the 
start of the respiration run in any event. This phenomenon 
is sometimes noted in sludges which contain reduced 
components which are initially oxidized and an initial 02 
spike may be observed. It was evident in this case that the 
oxygen was the terminal electron acceptor for microbial
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respiration and related to the substrate disappearance 
measured for reactor A.
6.2 Raviaw of Low Laval Raaovala of BaP Contained in 
Pulaad-riow Continuous Sludge Reactors (Series 1 and 2)
It was stressed in the Introduction that there exists 
an urgent demand for the development of biological reduction 
technologies that are cheap, portable, fast starting, enjoy 
low maintenance and operating costs, and can be universally 
deployed over a wide range of sites. A continuous process is 
envisaged: either installed in the refining or petrochemical 
waste treatment facility or using surface or subsurface 
mixers for "in situ" treating of hazardous waste 
impoundments. One of the early engineering studies was 
performed by Kincannon and Stover (1983), and used injection 
of hydrocarbon pollutants in a continuous sewage treatment 
pilot plant. Two PNA's selected were naphthalene and 
phenanthrene: both readily biodegradable. Data reproduced 
from the report on the two PNA's is shown in Table 33.
TABLE 33
REMOVALS OP NAPHTHALENE AND PHENANTHRENE IN KINCANNON AND 
STOVER 1983 CONTINUOUS ACTIVATED SLUDGE REACTOR STUDY
hazardous constituent influent effluent
mg/1 mg/1 1 /day 
0.5naphthalene 6.9 <. 1
phenanthrene 0.56 <.01 x
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The concentrations of the two pollutants are low. The study 
did not report the concentrations of these two PNA's in the 
waste sludge.
The petrochemical sludge used in this dissertation for 
the low level BaP continuous reactor study, contained an 
average BaP content of 285 mg/kg, but also included 
naphthalene at 11 mg/kg and phenanthrene at 3.4 mg/kg. 
Naphthalene was found in the waste solids at 0.02 mg/kg and 
phenanthrene was found at 0.01 mg/kg. A sorption 
equilibrium condition was established in the raw 
petrochemical sludge as the raw sludge was saturated with 
PNA's in the natural state. Kincannon and Stover used a 
short 8 hour hydraulic residence time for their sewage pilot 
plant study whereas the large range of toxic compounds in 
the petrochemical sludge pollutant mixture suggested use of 
HRT's from 3.5 - 5 days and SRT' s from 5 - 1 0  days. The 
removal data for the these low level BaP tests are listed in 
Table 34. The higher intensity conditions used in the low 
level BaP pulsed-flow continuous sludge feed tests for 
series 1 and 2, when compared to the Kincannon and Stover 
tests, resulted in very low BaP recoveries and high 
percentage destructions. The range of destruction of BaP for 
all series was 95.8-99.0% and demonstrated excellent 
performance that met the 1990 EPA CCL limits as noted from 
the results in Chapter 5.
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TABLE 34
BaP REMOVALS AMD PARTITIONING INTO EFFLUENT LIQUID AND HASTE 
SOLIDS FOR SERIES 1 AND 2 SLUDGE REACTORS
SERIES 1 SERIES Z
BaP LOADINGS, mg/kg 297 284
BaP PRODUCTS
LIQUID, mg/1 0.01 0.02
SOLIDS, mg/kg 3.0 12.0
BaP DESTROYED mg/kg 294 272
BaP RECOVERY, % ON FEED 1.0 4.2
6.3 Biological Oxidation of Fullar'a Earth and Kaolinita
The primary objective of the homogeneous batch reactor 
clay testing program on Fuller's earth and kaolinite was to 
confirm microbial population functionality and survival at 
the higher concentrations of BaP that would be used in the 
high concentration pulsed-flow continuous sludge reactor 
test program. Both survival and culture functionality 
aspects are shown on Figure 15. The culture showed growth 
of: 4 magnitudes (10s to 10* cfu/ml) at BaP loading of 1430 
mg/kg in an aqueous solution of Fuller's earth and 4 
magnitudes (104 to 10® cfu/ml) at BaP loading of 2124 mg/kg 
in an aqueous solution of kaolinite. Biodegradation is the 
dominant process in Fuller's Earth and removed 59.3% w/w of 
the original BaP and 8% w/w was assumed to be accounted for 
by sorption and entrapment in the suspended clay structure.
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Biological process removal from kaolinite was 55.0% w/w of 
BaP loading while non-biological processes removed 19.2% 
w/w. The abiotic removals, if any, must be accounted for 
when working with unsaturated clays with respect to 
nonpolar hazardous hydrocarbon constituents.
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6.4 Performance Comparisons for PNA Removals in Batch 
Roughing Reactors in this Research with the Findings of 
other Investigators
The batch roughing reactors contained a suspended 
solids mixture which consisted of 30% w/w sodium 
montmorillonite, 30% w/w kaolinite, and the balance aquifer 
sand. PNA's loaded included: anthracene, chrysene,
phenanthrene, and benzo(a)pyrene all at 5,400 mg/1 (40,650
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mg/kg). The average removals for the PNA's over 7 days are 
shown in Table 35 and compared to another current study 
which treated creosote in a batch roughing reactor (Portier 
et al., 1989). It is noted that elevated PNA feed rates are 
used in both roughing reactor studies and similar nonionic 
surfactants were employed. The yield patterns were similar 
in both sets of data and the general conclusion can be made 
that high destruction rates of PNA's can be achieved in 
strongly mixed roughing reactors. The solids content in the 
batch roughing reactors from this research was 16% w/w while 
it was reported in the other study that solids peaked at 20% 
and microbial density reached 1C9 cells/ ml in one 
continuous reactor from microbial-ATP testing. The highest 
microbial density in the continuous reactors from the 
dissertation study also reached 109 cells/ml from modified 
pour plate testing. Nonionic surfactants were used in both
TABLE 35
REMOVALS OF PNA, S IN TWO BATCH ROUGHING REACTOR STUDIES
EUA DISSERTATIONS STUDY OTHER STUDY
FEED PRODUCT FEED PRODUCT
mg/1 % w/w mg/1 % w/w
anthracene/phenanthrene 10,800 90.9
phenanthrene 
chrysene 
benzo(a)pyrene
5,400 86.2
5,400 75.7 2,105 85.7
3,450 90.0
13,075 60.6
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studies at concentrations of 1000 mg/1.
The removals of BaP were higher in the comparison study 
as 85.7% versus 75.7% in this research study but BaP 
loadings were 2,105 mg/kg or 39% versus 5,400 mg/kg loading 
of the dissertation roughing reactors. These studies can be 
viewed as producing comparable results for destruction of 
BaP in roughing reactors.
6.5 Survival of th« Microbial Population in Fulsad-riow 
Continuous Reactor*
Another major concern involved colonization and long 
term succession of the microbial culture in continuous 
reactors. It was considered that the threshold limit with 
respect to BaP could be reached and would be reflected by 
die-off of the reactor culture. A plot of all microbial 
population densities versus BaP loadings in continuous 
reactors is shown in Figure 16. Microbial density was 
reduced by less than one-half magnitude between BaP loading 
rates of Reactor G at 26,370 mg/kg and reactor H at 34,905 
mg/kg. The microbial population has continued to 
preferentially consume the easiest growth substrates as 
typically observed in complex mixtures (Ramkrisha, et al.,
1984). Reactor H as noted in Chapter V, Table 28, however, 
showed high suspended solids, sustained peak removal of 
reactive carbon, and comparable oil removal rates to reac­
tors in the same series. BaP removals were observed to drop 
from 91.9% w/w to 60.3% w/w for reactor H. The data of 
reactor H with respect to BaP is not statistically
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representative and is considered to understate the BaP 
actually destroyed.
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FIGURE 16. IMPACT ON MICROBIAL DENSITY
OF BaP LOADING RATES FROM 1775 - 34905 mg/kg
It is predicted that full scale biodegradation of 
pollutant mixtures in waste impoundments can be expedited if 
a primary carbon substrate is utilized. The use of spent 
motor oils from automotive sources or saw dust could serve 
as potential primary carbon sources for biodegradation of 
weathered hazardous waste impoundments.
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6.6 Mass Modal Predictions for BaP, Solids, and Oil 
Concentrations in tha Wasta Solids Produel: from tha Pulsad- 
riow Continuous Sludge Raactors
The mass model developed for steady state prediction of 
BaP in waste solids and shown in Figure 17A, has predicted 
all actual values to be within 35% Of the model except for 
the outlier point from reactor H. The BaP biological half- 
life was 1.
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FIGURE 17A. MOD E L  PREDICTION VERSUS ACTUALS 
FOR EQUILIBRIUM BaP IN WASTE SOLIDS
The mass model predictions for reactor total suspended 
solids are shown in Figure 17B and correlate closely with 
actual data over the range of BaP loadings. The mass model 
for prediction of substrate oil shown in Figure 17C 
shows similar correlations.
8 days for reactor H.
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6.7 R«moval of BaP at High Ratas in Continuous Reactor*
Figure 18 shows the performance of all pulsed-flow 
continuous sludge reactors for destruction of BaP versus 
BaP loadings in the petrochemical sludge.
The removals of BaP were approximately linear up to a 
BaP loading of 26,370 mg/kg in reactor G and BaP recovery 
from reactor G was 7.4% and removal was 91.9% w/w. No loss 
of metabolic activity of the microbial population between 
reactor G and reactor H loading 34,905 mg/kg was observed. 
The process parameters pH Chapter 8, section 8.2.1; total 
suspended solids Chapter 8, section 8.2.2: ultimate
respiration Chapter 8, section 8.2.4; and oil removals 
Chapter 8, section 8.3.1; all showed equilibrium conditions. 
The outlier point for reactor H on Figure 18 is suspect and 
not representative.
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6.6 Enhancement Techniques Developed for High Performance 
Removals of Benzo(a)pyrene in Continuous Sludge Reactors
6.6.1 New Approaches to Biodegradation of BaP
There is an emerging consensus that high molecular 
weight PNA's and other nonpolar hydrocarbon constituents 
contained in petrochemical and other hazardous sludges are 
modified through the catalysis of cometabolic organisms 
(MacFarland et al., 1989, Keck et al., 1989). Thus, it is 
concluded that maintenance of a cometabolic environment is a 
rational approach for biological oxidation of a number of 
organic pollutants recently considered to be completely 
bioresistant.
It was noted earlier that Ours (1989) failed to 
biodegrade BaP in aqueous solution until she added the 
dodecane co-substrate. The problem of initiating 
biodegradation is considered to be extensive in weathered 
sludge where the rapid growth substrates have been removed 
long ago. A bioremediation approach is required which 
permits rapid initial growth plus the production of 
metabolic pathway intermediates required for fortuitous 
transformation of bioresistant PNA's such as BaP. Organic 
supplements typically are required for sludge weathered 
pollutant mixtures to initiate biodegradation and become 
transformed into alcohols and acids which can then 
participate in both biological and non-biological processes 
for fortuitous transformation of multi-ring PNA's. For 
example, organic alcohols produced from both beta-oxidation
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of aliphatics and cleavage of the organic rings, promote 
extended surfactant solubilization by lowering the critical 
micelle concentration (CMC) and elevating the aggregation 
number of the micelle. This engenders extended solubility of 
the nonpolar water-insoluble high molecular weight aromatic 
hydrocarbons. Tested organic additives that promote reduced 
CMC's include: cyclohexane, heptanes, decane, decanol, 
toluene, benzene, and the majority of readily biodegradable 
aliphatic hydrocarbons and corresponding alcohols (Meyer, 
1986). The organic acids produced by primary source carbon 
oxidation play a key role in transformation of 
benzo (a)pyrene to benzo (a)pyrene quinones. One related 
pathway uses the enzyme ligninase produced from white rot 
fungus and veratryl alcohol. The alcohol is oxidized to a 
free radical called "veratryl alcohol free radical cation" 
and can oxidize the benzo(a)pyrene to the corresponding 
quinone (McFarland et al., 1991) . The benzo ( a)pyrene
quinone can be mineralized by fortuitous transformation (Qiu 
and McFarland, 1991). Another significant fraction of the 
BaP is removed from high solids systems by free radical 
cations (enzymatically induced from alcohols) which result 
in adsorption to humus-like organics present in the sludge 
solids by a non-biological polymerization reaction (Harvey 
et al., 1986, Palmer et al., 1987, McFarland et al., 1991). 
The autochthonus microbial consortium used in the research 
contains 3-4 varieties of fungi which have been described in 
an earlier paper (Field et al., 1988b) and can participate
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in polymerization of BaP.
6.8.2 Enhancement Techniques ua«d in this Dissertation
Enhancement techniques contributory to the success of 
this research are:
I). Addition of a carrier solvent with a formulation 
geared for promotion of rapid biodegradation and production 
of biomass. The solvent contained 10% v/v pentadecane, 89% 
cyclohexane, and 1% toluene. The biological attack on this 
primary carbon source substrate eliminated lag time by 
initiating rapid degradation, promoted stable microbial 
succession, and produced those co-substrates from beta- 
oxidation which resulted in decreased pH and indicative of 
production of alcohols and acids which provide the 
catalysis for fortuitous transformation of benzo (a)pyrene 
and other PNA's at rates necessary for reduction of 
accumulations of benzo (a)pyrene and metabolite-produced 
toxins. Maintenance of a stable environment for continued 
normal functioning of the microbial consortium is promoted 
through addition of the primary carbon source. A recent 
study on a contaminated hazardous waste site <Catallo and 
Portier, 1991), demonstrated that monitoring of the 
water-soluble fractions from hazardous waste oils on tilled 
test plots, evidenced toxicity reductions over time. The 
MicroTox assay was used for monitoring over a 35 day period. 
This was an example where both indigenous and commercial 
inocula were used to significantly reduce toxins in the 
waste oils. A general reduction in toxicity is anticipated
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over time with the majority of biodegradations of toxic 
organic compounds even though some temporary intermediates 
are more toxic than their source compounds.
II). High intensity centralized mixing of the sealed 
pulsed-flow continuous sludge reactors insured homogeneity 
of the oi1-water-solids phases. This reduced parametric 
variances as follows: lower microbial stress from potential 
oxygen starvation by maintenance of high dissolved oxygen 
levels, prevented formation of density and electrochemical 
gradients, minimized pH flucuations, reduced temperature 
variations, and promoted better mixing of growth nutrients, 
toxic substrates, suspended solids and water. The strong 
mixing also resulted in increased random collisions between 
dispersed and aggregated bacterial fractions and raised the 
number of correct conformational active site contacts (lock 
and key theory) that promoted higher efficiency for 
completion of the desired biochemical reactions.
III). A high solids suspended growth system was an 
additional enhancement technique as higher concentrations of 
solids encouraged increased aggregated bacterial reactions 
as additional reaction sites were available.
6.9 Importance of Biodtgradation Rata Constants and 
Half-lives for BaP and Other PMA's in Continuous Reactors
A series of tables in Chapter 2, section 2.8 on 
classification of half-life PNA degradation rates, indicated 
large differences in the half-lives as defined by the 
type of biological system from which the half-life was
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determined. The time of PNA biological half-lives in 
groundwater or in static soil systems (equivalent to land 
treatment) often required years while the time to determine 
half-lives for PNA's in static batch reactors required 
weeks. These biological half-life times were reduced to a 
few days or less in strongly mixed batch reactors while 
there was almost no data available for any results on the 
kinetic performance of high-solids continuous sludge 
systems. This research has demonstrated that the half-lives 
of the most bioresistant PNA's can be reduced to a range 
between a few hours to 1 day and describes a technique for 
elimination of these bioresistant nonpolar toxic organic 
pollutants by the enhanced biodegradation process.
The half-lives of the PNA's are typically described by 
a first order reaction. Figure 19A shows one of the first 
order equations for BaP loading of 1705 mg/kg (reactor A). 
The reaction rate constant (d_1) is calculated from the 
first order equation after the half-life has been derived. 
The half-life and reaction rate constant for the BaP loading 
of 1705 mg/kg is 1.4 days and 0.74 d-1 respectively. The 
half-lives and reaction rate constants were all reported in 
Table 32 in Chapter 5 under section 5.7 of results. Figure 
19B shows the first order equation for BaP loading of 8725 
mg/kg and provides a good fit for a first order equation 
with K * 0.69 d*1 and HL ■ 1.0 days.
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One of the most important facts emerging out of this 
research is that continuous sludge reactors can remove BaP 
and other PNA's more efficiently than by land treatment or 
other biological treatment procedures in static or mixed 
batch reactors. Microbial populations have also demonstrated 
higher efficiencies in mixed batch and continuous reactors 
without loss of functionality. Figure 18 demonstrated that 
the conversion efficiency of BaP to other products continued 
at over 90% w/w up to BaP loadings of 35,000 mg/kg in 
continuous sludge reactors. Large scale "in situ'* 
bioremediations of waste impoundments at higher efficiencies 
are now goals which can be achieved through adapting the 
findings of this research to full scale bioremediations.
A comparison of the half-lives of BaP from the 
biological-driven processes of land treatment, well mixed 
batch reactors and by continuous sludge reactors, is shown 
in Figure 20. The time of the half-life for remediation of 
soil plots was 1 - 3  years(Bossert, et al., 1986; Coover, 
et al., 1987: and Portier et al., 1987) . The biological
half-life of 2.5 days was determined for a mixed batch 
reactor. The range of half-lives from the dissertation 
continuous reactor tests was 0.8 - 1.4 days over elevated 
loading rates ranging from 300 - 35,000 mg/kg. The range of 
reaction rate constants for the continuous sludge reactors 
was 0.58 - 0.87 day-1. A similar pattern of results is 
shown in Figure 21 for the pair benzo(a)anthracene/chrysene.
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The half-1ives of static plots and a static liquid batch 
reactor were 3 years and 12 days respective while half-lives 
from a mixed batch reactor and the continuous sludge 
reactors were 2.8 days and 0.8 days. The range of reaction 
rate constants was 0.69 - 2.47 day'1.
The half-lives and reaction rate constants for 
naphthalene, fluorene, fluoranthene, and phenanthrene/ 
anthracene were shown in Chapter 5, section 5.7, Table 38, 
and comparisons analogous to BaP and benzo (a)anthracene 
shown in Figure 20 and Figure 21 can be drawn between the 
different biological processes.
6.9.1 Partitioning of Residual Banco(a)pyrana in tha 
Products from Pulsad-Flow Continuous Sludga Reactors
The partitioning and destruction of BaP for steady 
state conditions for 15 continuous sludge reactor runs is 
shown in Figure 22. The partitioning is separated into the 
categories of clarifier effluent, waste solids and 
biological destruction. Only trace quantities of PNA's were 
captured in the overhead PUF traps and small quantities of 
BaP in clingages found in reactor scums, and sidewall 
accumulations, and unavailable to microbial attack, were 
less than 2% and were factored out of loading rates. The 
clarifier effluent at low BaP feed rates typically contained 
concentrations of BaP at 5-10X the solubility limit (0.003 
mg/1). The effluents contained BaP at concentrations of 
0.58-0.88 mg/1 at the high range BaP feed rates from 8,725 - 
34,905 mg/kg. The BaP effluent concentrations are over 200
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times the solubility limit. It is suggested that the higher 
effluent BaP results are caused by difficult separations and 
extractions between the clarifier effluent and suspended 
solids phases and may have resulted from colloidal 
entrainment of BaP-particulate materials in the effluents. 
The waste solids fraction was small compared to the 
destroyed fraction. The average removals ascribed to the 
dominant biodegradation process were 86 - 92% w/w for the 
loading range from 1,707 - 35,000 mg/kg while BaP capture 
in the waste solids was averaging 9% w/w. The BaP in 
clarifier liquid ranged from 0 -1.1% w/w.
CHAPTER VII
ANALYSIS Or REACTOR PERFORMANCE FOR HIGH RANGE TREATMENTS
7.1 Introduction
Reactor steady state conditions were defined in Chapter 
4, section 4.6.2, in Table 18 in terms of monitoring 
parameters: pH, total suspended solids, C02 respiration, 
culture plating, oil content, and BaP in the waste solids. 
The results for pH, total suspended solids, C02 
respiration, and culture plating, are available in 24 hours 
{short term data) while oil content and BaP analyses of the 
effluent and waste solids may take 1 - 3  weeks (longer term 
parameters). It was necessary to sometimes decide whether a 
reactor series was in steady state without having the 
critical BaP test data available. In other words the signals 
from short term data indicate a steady state condition but 
long term data are not available. The situation with reactor 
H where the short term parameters indicated an equilibrium 
condition, later was determined to be in a different steady 
state in relation to the BaP substrate. The data on the 
reactor sets A, B, C, D and E, F, G, H as well as the 
associated descriptive statistics are now examined for both 
unsteady and steady state conditions.
7.2 Analysis of Short Tsrm Monitoring Paramstars
7.2.1 Analysis of pH 
The measured values for pH for reactors A, B, C, and D 
are shown in Figure 23. This series of reactors was started 
with the aqueous phase consisting of well buffered inorganic
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nutrients at pH 7.4. Sludge feed and makeup BISM were added 
daily. Steady state pH values were reached between days 19 
-26 and the pH means for reactors A, B, C, D were 6.4, 6.2,
6.5, and 6.1. The reduction in pH was due to the production 
of acids and alcohols which were produced and required for 
cometabolic fortuitous transformation of BaP.
7.2.2 Analysis of Total Suspandad Solids (TSS)
Figure 24 shows the daily total suspended solids from
time t = 0 to t = 25 days. Equi1ibrium conditions were 
achieved between days 18-25 and the reactors were stopped at 
day 25 for final sampling. The equilibrium TSS means for 
reactors A, B, C, and D were respectively 36500, 47800,
41700, and 51600, all in units of mg/1. Examination of 
Figure 24 shows that sustained biological growth occurred in 
all reactors and peaked between days 16-19, followed by a 
small decline to a state of equilibrium. The two reactors 
with the highest BaP loadings (reactors C and D) generated 
more TSS than the two reactors with the lower BaP loadings 
(reactors A and B). The BaP removals were slightly higher in 
the C and D reactors loading 3486 and 3465 mg/kg than in the 
A and B reactors loading 1705 and 1709 mg/kg. It was 
observed that the double dosage of BaP did not foster any 
inhibitory effect in the metabolic activity of the microbial 
population in destruction of the BaP substrate.
7.2.3 Analysis of Microbial Density
Figure 25 and 26 show microbial density for reactors A 
and B separately from C and D for better data analysis.
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Semilog plots were used to show high values in the 
initial exponential growth period as well as the test 
repeatability in the steady state. The exponential growth 
peaked at 10a to 1 0 9 cfu/ml for reactors A and B , then 
stabilized in the range 106 to 107 cfu/ml from days 15-24. 
Exponential growth rates for reactors C and D was > 109 
cfu/ml and was between 105 to 107 at steady state. The 
average microbial density measured for the reactors did 
not differ significantly. Higher removals of BaP were 
observed for reactors C and D versus reactors A and B.
7.2.4 Analysis of Ultimata Respiration 
The ultimate respiration produced end products of 
water and carbon dioxide (C02) . The C02 respiration was 
measured for reactors A, B, C, and D and is shown in Figure 
27. The C02 results are measured by acid/base titration and 
reported in terms of reactive carbon and the daily mean 
equilibrium values in mg of C02.C for the reactors was: A = 
159, B = 169, C = 158, and D = 179. The results indicate 
that there was approximately the same quantity of reactive 
carbon available for reduction to carbon dioxide and water 
in all four reactors. Figure 27 shows that the equilibrium 
period for all reactors was reached approximately between 
days 10 to 12.
7.3 Analysis of Long Term Monitoring Parasnters
7.3.1 Analysis of Oil Removals
Oil removals for reactors A and B, and for reactors C 
and D, are shown on Figure 28. Oil removals climbed rapidly
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and reached steady state in 11 - 15 days. Steady state oil 
removal means for reactors A, B, C, and D were 6.29, 6.50, 
7.00, and 6.80, all in units of ml/d. Oil removals and 
respiration rates reached steady state in 11-15 days and 
this would suggest that energy was made available for 
cometabolic activities for fortuitous transformation of the 
high molecular weight PNA's at this time.
7.3.2 Analysis of Raactor Oil Substrata Concentrations
Reactor oil substrate concentrations, shown in Figure 
29, reached equilibrium between days 19 - 25 for reactors A, 
B, C, and D at average concentrations of 7100, 7600, 8240, 
and 8050, all units mg/1. The oil loading rates for reactors 
C and D were 10% higher than for reactors A and B and this 
is reflected in the reactor oil substrate concentrations.
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REACTORS A/B LOADING 7.5 ml/d AND C/D LOADING &2 ml/d
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7.3.3 Analysis of BaP Removals and Substrata Changes 
for Raactors loading 1705/1709 mg/kg and 3486/3465 mg/kg.
The removals of BaP are shown in Figure 30 for reactors 
A and B and the equilibrium removals means were 1549, and 
1547 mg/kg. Steady state BaP removals within 10 - 12 days of 
start of run are evidence of microbial growth on BaP as both 
microbial respiration and oil removals reached steady state 
in this period.
The reduction in BaP substrate concentration with time 
for reactors A and B is shown in Figure 31. Substrate 
equilibrium values were reached within 15 days of reactor 
startup and averaged 2328 mg/kg for reactor A and 2422 mg/kg 
for reactor B.
Figure 32 shows the change in BaP removals for reactors 
C and D and the removal means were 3139 mg/kg for reactor C 
and 3212 mg/kg for reactor D. Steady state removals 
occurred within 10-12 days from the start of run which 
suggested microbial growth on BaP as respiration and oil 
loss also approached steady state in the same time period.
The reduction in BaP substrate for reactors C and D 
loading 3485 mg/kg and 3465 mg/kg are shown in Figure 33. 
The reactor substrates reached equilibrium after 12-14 days 
at 4590 mg/kg for reactor C and 3797 mg/kg for reactor D.
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7.4 Descriptive Statistics of Monitorad Raactor Parameters
The descriptive statistics used in this research are 
based on the concepts developed in Principles and Procedures
Statistics (Steel and Torrie, 1 980 ), the computer 
applications from Cohort Software (1990), and StatSoft Inc. 
(1991). The admission and rejection of outlier data is based 
on the probability that 95 percent of the data points will 
fall within +/- 2 standard deviations from the mean. The 
mean values and error bars are utilized to determine if 
monitored parameters meet the defined performance criteria 
at steady state conditions.
7.4.1 pH
The means and error bars for the parameter pH are shown 
on Figure 34. The error bars are based on the criteria set 
for the pH parameter and all measurements from reactors A, 
B, C, and D are inside the range that contains 2 standard 
deviations or 95 percent of the measured data. All pH values 
accordingly meet the designated performance criteria.
7.4.2 Total Suapandad Solids
Figure 35 shows the range of the error bars for the 
four reactors A, B, C, and D for total suspended solids 
during steady state conditions. Reactor B and reactor D 
contain marginal data points. Table 36 shows the extent of 
variation for the 2 sigma limits of the suspended solids 
data.
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TABLE 36
COMPARISON OF ACTUAL TOTAL SUSPENDED SOLIDS OF REACTORS B 
AND D TO ORIGINAL PERFORMANCE CRITERIA
Reactor £ 
mean, mg/1 47800
2 sigma deviation, mg/1 6400
performance criteria, mg/1 6000
coefficient of variation 6.7
Reactor £ 
51600 
8280 
6000 
8.0
The coefficients of variation for reactors A and D are low 
when compared to the precision and accuracy data reported in 
Standard Methods for method 209 C. for total suspended 
solids that averaged 14.6% over 3 data sets (APHA.AWWA.WPCF,
1985). It is concluded that the calculated range of standard 
deviations for reactors B and D are acceptable for the 
specified sampling procedure and test method .
7.4.3 Microbial Density
The error bars for microbial density are shown in 
figure 36. The performance criteria were based on a +/- 1 
magnitude from the mean. All equilibrium measurements were 
less than the allowable +/- one magnitude defined for the 
performance criteria.
7.4.4 Ultimate Respiration
The error bars for the equilibrium data for the means 
from the four reactors (A, B, C, and D) for ultimate 
respiration are shown on Figure 37. Reactors A and D show
at
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error bars for the 95% confidence level that would exceed 
the given criteria. Reactor A had a real error bar range of
115.4 - 202.6 mg /d of C02.C while the performance criteria 
set a range for reactor A of 135.1 - 182.8. Similarly 
reactor B had a real error bar range of 123 - 223 mg/d of 
reactive carbon and the performance criteria range was 147 - 
199 mg/d of reactive carbon. The coefficients of variation, 
however, for reactors A and D were 13.7% and 14.4% which 
suggests that the original range was too restrictive and the 
data are satisfactory for this type of test and precision. 
Standard Methods (1985) reports that the titrimetric method 
used in this test has an inherent variation of +/- 10% from 
the mean. Thus a more reasonable performance criterion 
should have allowed an additional 15% for transfers and 
sampling for a total of 25% deviation from the mean.
7.4.5 Oil Loss Msans
The error bars for oil removal means are shown in 
Figure 38. The acceptable deviation for oil loss was based 
on an allowable +/- 25% from the mean. The criteria for 
steady state performance were met in all cases.
7.4.6 BSP Ktans
The error bars for the BaP removal means are shown in 
Figure 39. The measured data for reactors A, B, C, and D 
were all within the allowable 2 standard deviations from 
the means and thus met the performance criteria for BaP 
removal monitoring.
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7.5 Biodegradation Half-Lives and Reaction Rata Constants 
for PNA's for Raactors Loading BaP at 1705 - 3486 mg/kg
7.5.1 Banso(a)pyrana
The BaP substrate decline (C/Co) with time is shown in 
Figure 40 for reactors A and B loading 1705 mg/kg and 1709 
mg/kg. The calculated first order reaction rate plot is 
also shown on Figure 40. It is noted that the measured BaP 
data closely matched the plot of the first order equation. 
The BaP half-life was measured at 0.74 days and the 
reaction rate constant was 1.4 days'1.
The substrate decline curves for reactors C and D 
loading 3486 mg/kg and 3465 mg/kg respectively, are shown on 
Figure 41. It is observed that residual concentrations have 
formed above the X axis for both reactors C and D and C/Co 
are greater than zero. This concentration is a 
representation of the steady state substrate values which 
were discussed earlier. The BaP half-life was measured at
1.1 days and the reaction rate constant was found to be 
0.63 days'1.
7.5.2 Naphthalene
The substrate decline curves for reactors A, B, C, and 
D loading 27.4 mg naphthalene/kg dry petrochemical feed 
solids are shown on Figure 42. The four plots were almost 
identical which indicated that the staged BaP loadings (1705 
mg/kg and 3486 mg/kg) had no appreciable effect on the 
biological oxidation of naphthalene. The average half-life 
for the four reactors was measured at 0.17 days and the
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reaction rate constant was 3.99 days-1. Naphthalene was 
readily biodegraded and had the shortest half-life of any of 
the PNA's tested.
7.5.3 Fluorene 
Figure 43 shows the substrate decline curves fcr 
fluorene for reactors A, B, C, D loading 5.6 mg/kg. The 
plots are similar to naphthalene. The measured half-life for 
fluorene was 0.20 days and the reaction rate constant was
3.46 days-1. There was no change in fluorene kinetics as a
result of staged BaP loadings.
7.5.4 Fluoranthene 
The half-life for fluoranthene shown in Figure 44 was
measured at 0.20 days and the reaction rate constant was
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3.46 days-1. The fluoranthene loading of 1.1 mg/kg resulted 
in low substrate concentrations and measurement error 
increased with potential for data scatter.
7.5.5 Phenanthrene/Anthracene Pair
The individual PNA's of this pair were difficult to 
measure in highly biodegraded reactors and the data were 
combined. The plots of the four reactors A, B, C, and D are 
shown in Figure 45 for a paired loading rate of 24.5 mg/kg 
consisting of 65% anthracene and 35% phenanthrene. The half- 
life was measured at 0.21 days with the reaction rate 
constant at 3.15 days"1. No effects on the kinetics were 
observed from the staged BaP loadings.
7.5.6 Btnzo(a)anthracene/chrysene Pair 
The loading rate of this pair was 4.9 mg/kg for 
reactors A, B, C and D, Figure 46 shows a small equilibrium 
reactor substrate concentration (C/Co = 0.05 -0.10) which is 
assumed to represent a biological recalcitrance of these two 
PNA's. The loading distribution was benzo(a)anthracene 26% 
and chrysene 74%. The half-life of the pair was measured at 
0.28 days and the reaction rate at 2.47 days-1. The staged 
BaP loadings had no effect on the kinetics of 
benzo (a)anthracene/chrysene.
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CHAPTER VIII
ANALYSIS OF REACTOR PERFORMANCE FOR THRESHOLD LIMITS 
8.1 Introduction
This Chapter tests the statistical validity of 
# monitoring parameters for use with reactors E, F, G and H 
loading 8725, 17400, 26370, and 34905 mg BaP/kg of
petrochemical feed solids, and describes the application of 
the first order microbial kinetics to the PNA's studied in 
this dissertation research. The procedures follow the format 
of Chapter 7.
8.2 Analysis of Short Tarm Monitoring Paranatars
8.2.1 Analysis of pH
The pH of the suspended solids for the four continuous 
reactor runs is shown on Figure 47. The pH means for 
reactors E, F, G, and H were respectively 6.2, 6.2, 6.3, and
6.1 and typically lower than for the preceding set of 
reactors A, B, C, D. It is important to note that this set 
of reactors is a continuation of the preceding set. The 
initial pH of all reactors was already acidic from the 
earlier test run and the magnitude pH changes were not as 
pronounced as in the former test.
8.2.2 Analysis of Total Suspandad Solids (TSS)
TSS for reactors E, F, G, and H are shown in Figure 48 
and have increased on the average by 17% over average TSS of 
reactors A, B, C, and D. The increase resulted from the 
metabolism of incremental loadings of oil and BaP.
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8.2.3 Analysis of Microbial Density
Microbial density is shown on Figures 49 for reactors 
E, F, G, and H. The average plate counts for reactors E, F, 
and G was 8E+Q5 cfu/ml and reactor H was one half magnitude 
lower at 3E+05 cfu/ml. it is believed that the systemic 
increase in continuous reactor toxicities was responsible 
for the declining microbial population for this series of 
continuous reactors. Reactor H was the only reactor which 
showed an apparent reduct ion in removal rate of BaP. The 
reactors shown in Figure 49 did not demonstrate initial high 
microbial densities as these reactors were a continuation of 
the preceding set.
8.2.4 Analysis of Ultimate Respiration
Figure 50 shows the ultimate respiration for reactors 
E, F, G, and H. The steady state ultimate respiration 
averaged 382 mg/d of C02.C while average for the preceding 
series was 163 mg/d of C02.C. The oil loading in this series 
was 15.21 ml/d while the preceding series was 7.88 ml/d. The 
gain in reactive carbon respiration for this series is 
explained by the additional oil loading. The impact of the 
additional toxicity from the incremental BaP loading did not 
impact the ultimate respiration rate.
8.3 Analysis of Long Tarm Monitoring Paramatars
8.3.1 Analysis of Oil Removal Ratas and Raactor 
Substrata Concentrations
The plot of the oil removal rates for reactors E, F, G,
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and Hr were 9670, 8733, 11300, and 13560, in units of mg/1. 
Figure 51 shows steady state conditions started by day 12.
The oil removals of the two series are compared on 
Table 37. It is observed that the presence of increased BaP
TABLE 37
COMPARISON Or OIL REMOVALS FOR CONTINUOUS REACTORS 
PROCESSING 1700 TO 35000 mg BaP/kg DRY R I D  SOLIDS
Reactors A/B C/D E E £ H
BaP loadings, mg/kg 1705 3475 8725 11720 26370 34905
Total Oil Loadings, mg/1 5700 6170 7590 9960 12330 14670
Oil Loss on Feed, % w/w 91.7 90.6 89.5 89.9 91.7 92.4
did not produce any negative effects on total oil removals 
in Table 38. Oil removals appear to be independent of BaP 
loading rates for this entire series.
The measured oil reactor substrate holdups are shown in 
Figure 52. The reactor holdups reached steady state at day 
12 - 13, and steady state values for reactors E, F, G, and H 
were respectively 12,830, 19,200, 1,9500, and 21,200, all
mg/1.
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6.3.2 Analysis of BaP Raaoval/Raaetor Substrata
The BaP removal rates are shown on Figure 53. Reactors 
E, F, G and H, reached steady state at approximately 12 
days. The steady state BaP removal rates were 86.4, 86.2,
91.9, and 66.7, all % w/w, for reactors E, F, G, and H. The 
decline in removal rate from reactor H was not reflected in 
the monitoring parameters. The plot of removal for reactor 
H was lower than reactor G and this lower removal rate is 
not supported by other information collected on this 
continuous sludge reactor. It was concluded that the 
microbial population did not encounter a threshold limit as 
no significant decline in microbial population was observed.
The measured daily BaP substrate concentrations are 
shown on Figure 5 4 and it is noted that the equilibrium 
concentration of reactor H is not significantly higher than 
for the other reactors. A BaP substrate steady state 
concentration of 2979 mg/kg was calculated from the 
substrate prediction model, whereas the measured inventory 
was 11633. It is suggested that the 11633 mg/kg removal 
rate is low and represents an outlier point which is not 
statistically significant in terms of all the other reactor 
data presented.
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8.4 Descriptive Statistics of Monitored Reactor Parameters
8.4.1 pH
The error bars for the pH means at + /- 2 standard 
deviations are shown on Figure 55. All pH means fall within 
the envelopes of the monitoring performance criteria.
8.4.2 Total Suspended Solids
The error bars for the means of total suspended solids 
are shown in Figure 56 and reactor E has an actual error bar 
range of 44800 - 57300 mg/1 versus the allowable error bar 
range of 45120 - 57120 mg/l. The actual range is 4% higher 
than the allowable range and this is statistically 
acceptable as the coefficient of variation is 6.6 %.
8.4.3 Microbial Dansity
The largest error bar for microbial density shown 
on Figure 57 for reactor H meets the allowable deviation of 
the established performance criteria.
8.4.4 Ultimata Raspiration
The ultimate respiration means are shown on Figure 58. 
The largest error bar is for reactor H with a mean of 397 
and a range of 360 - 434 mg/d of C02.C. The performance 
criteria range allowed is 337 - 456 mg/d of C02.C and all 
the means fall within this range.
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8.4.5 Oil Loss Hssns
The error bars for the oil loss means are shown on 
Figure 59. The error bar range for the mean of reactor E 
exceeded the error bar range of +/_ 2 standard deviations by 
6% which is considered statistically acceptable and the 
remaining 3 means are inside the error bar limits.
6.4.6 BaP Means
The BaP removal means and error bars are listed on 
Figure 60 and error bar ranges for all means meet the 
performance criteria.
8.5 Biodegradation Half- Lives and Reaction Rate Constants 
for PNA'S for Reactors Loading BaP at 8725- 34905 mg/kg
8.5.1 Benzo(a)pyrene
The BaP substrate disappearance with time is plotted 
for reactor E loading 8725 mg/kg on Figure 61. The standard 
plot of the first order equation tracks the measured data 
fairly closely. The BaP half-life for reactor E was measured 
at 1 day for a biodegradation rate constant of K = 0.69 
days-1. The half-life for reactor F (not shown), loading 
17700 mg/kg BaP was 1.2 days and the corresponding K of 0.58 
day-1.
The BaP substrate removal for reactor H loading 34905 
mg/kg is shown in Figure 62. The half-life and rate 
constant for reactor H was 1.80 days and 0.39 day-1 and 
indicated that the half-lives were increasing with BaP 
loadings. Figure 62 also shows the residual BaP substrate
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concentration found in analysis of the waste solids from 
reactor H. The half-life and rate constant of reactor G (not 
shown) were 0.80 days and 0.87 days-1.
8.5.2 Naphthalan*
The half-life for naphthalene substrate shown in Figure 63 
was 0.14 days and the rate constant K was 4.95 day-1. The 
plot shows the four superimposed traces for reactors E, F, 
G, and H for the initial 2 days of the run. Other values of 
C/Co were zero.
8.5.3 Fluorana
The superimposed traces for fluorene substrate decline 
in reactors E, F, G, and H are shown on Figure 64 and half- 
lives were measured at 0.11 days K values were 7.22 days-1.
8.5.4 Fluoranthana
The disappearance of fluoranthene substrate was 100% 
initially and then stabilized at higher levels for the final 
10 days of the run. The fluoranthene loading rate at 1.1 
mg/kg was low and the biodegraded products were difficult to 
measure and this may have contributed to the data scatter 
shown on Figure 65. The half-lives varied from 0.20 - 0.40 
days and rate constants from 1,73 - 3.47 days-1. The largest 
half-life was from reactor H and may have been a response to 
the toxicity effect of high BaP concentrations of BaP.
8.5.5 Fhananthrana/anthracan*
Figure 66 shows the rapid decline of the combined 
substrates phenanthrene/anthracene from four identical plots 
for reactors E, F, G, and H. The half-life was 0.17 days and
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the K value 4.08 days-1.
8.5.6 B«nzo(a)antbracana/chrysana
The combined benro(a)anthracene/chrysene substrate 
removal for reactors E, F, G, and H are shown in Figure €7. 
The half-lives for all four runs varied between 0.6 - 1.0 
days while rate constants varied from 0.69 - 1.16 days-1. 
Residual reactor concentrations are observed in Figure 63 
which are assumed to reflect bioresistance of the pair or 
the impact of toxicity from incremental BaP loadings.
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CHAPTER IX 
CONCLUSIONS
The first hypothesis for proof of biodegradation was 
demonstrated on sterilized samples of the petrochemical 
sludge where reactors would only support oxygen uptake after 
a microbial culture had been introduced to the system. It is 
concluded that the microbial culture was responsible for the 
oxygen demand and is proof of biodegradation.
Hypothesis 2 required that the recalcitrant PNA 
benzo (a)pyrene present in the sludge feed at 290 mg per 
kilogram of dry feed solids be removed by biologically- 
driven continuous flow sludge reactors and meet the 1990 EPA 
constituent concentration level (CCL) of 12 mg 
benzo (a)pyrene per kilogram of dry product solids. A total 
of seven (7) continuous flow sludge reactors either met or 
surpassed the 12 mg/kg product limit for disposal to land 
treatment and the average benzo (a)pyrene in the waste 
solids was 6.9 mg/kg of dry product solids and accordingly 
met the proposal advanced in the second hypothesis.
The third hypothesis stated that biodegradation would 
not be initiated at high concentrations of benzo (a)pyrene 
and other priority pollutants in batch reactors containing 
sterile reactive clays. There was a strong interest in the 
dissertation study for confirmation that a biological attack 
could successfully compete with abiotic processes, and 
emerge as the dominant process in an environment containing 
high concentrations of toxic benzo(a)pyrene and sterilized
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reactive clays/sand mixtures in sealed batch reactors. 
Fuller's earth was used as the first of two clay-based 
minerals to be tested at 1430 mg of benzo(a)pyrene in dry 
solids and the results showed removals of 67% w/w of feed 
BaP where 59% w/w was due to the dominant biological process 
and 8% w/w was bound to the clay by the abiotic process of 
hydrophobic bonding. Sterilized kaolinite was treated in the 
second test with 2124 mg of benzo (a)pyrene per kg of dry 
solids and total removal was 74% w/w with 55% w/w by 
biological activity and 19% w/w by hydrophobic bonding to 
the kaolinite solids.
The PNA's and chlorohydrocarbons used in a third sealed 
batch reactor test were: anthracene, phenanthrene, chrysene, 
benzo (a ) pyrene and pentach1oropheno1, and average 
removals for paired reactors for the PNA's were anthracene/ 
phenanthrene 90.0 % w/w, chrysene 86.2% w/w, and
benzo(a)pyrene 75.7% w/w. The benzo(a)pyrene loading rate 
was 5,400 mg/1 and the sorption and solids entrapment for 
benzo(a)pyrene based on the earlier tests was estimated at a 
maximum of 270 mg/I or 5% w/w. Thus approximately 7 0% w/w 
removal was achieved by biological attack. These results 
compared favorably to other on-going current research on 
toxic pollutant mixtures. The third hypothesis was 
nullified on the basis of the strongly positive results 
attained.
Hypothesis 4 challenged high range treatment goals and 
predicted that more than 90% of loaded benzo (a)pyrene
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mixed in a petrochemical sludge at loading rates of 1,700 - 
3,500 mg per kg of dry sludge feed solids, would be 
destroyed in continuous sludge processing reactors. 
Measured data from duplicate reactor pairs loading 
benzo(a)pyrene at 1,707 mg/kg and 3,475 mg/kg easily met the 
goal of the hypothesis as average removals were 97.9% w/w on 
the loadings of 1,707 mg/kg, and average removals of 96.6% 
w/w were achieved on the doubled loadings of 3,475 mg/kg. It 
was concluded that hypothesis 4 is true.
Hypothesis 5 was tested at four elevated loading 
rates of augmented benzo(a)pyrene in the petrochemical 
sludge for the premise that the threshold limit of the 
microbial population would not be exceeded by observed loss 
of normal functionality in the microbial culture. The BaP 
loading rates in continuous sludge reactors for testing the 
hypothesis were staged through four significant increases 
from 8,725, 11,720, 26,370, and 34,905, all mg/kg on dry
sludge solids. Threshold toxicity in this instance was not 
observed as microbial density did not fall off significantly 
during all staged increases of feed BaP. Hypothesis 5 was 
proven true. The microbial consortia continued to function 
and demonstrated the resiliency of microorganisms to survive 
in a refractory environment that would be fatal to higher 
life forms.
One of the most important facts to emerge from the 
hypothesis testing was the achievement of faster rates of 
biodegradation than have previously been demonstrated with
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BaP, a compound which is bioresistant, highly toxic, and has 
extremely low aqueous solubility. BaP degradation has been 
considered to be the rate limiting step in continuous 
hazardous waste reactors loading toxic organic mixtures. It 
has been demonstrated in this research that benzo(a)pyrene, 
benzo (a)anthracene, and chrysene can be destroyed by adapted 
microbial consortia under optimized process environment. A 
heterogeneous microbial population has evolved and grown on 
the toxic pollutants in the petrochemical sludge at BaP 
loadings of up to 34,905 mg/kg of dry feed solids.
The process enhancements used were highly contributory 
to these fast growth rates on BaP substrate in continuous 
sludge reactors. These enhancements to overall performance 
included: addition of a carrier solvent to initiate prompt
biodegradation and provide primary source carbon and energy 
for production of the biologically induced intermediates 
such as alcohols and acids for fortuitous transformation of 
the PNA's; the use of nonionic surfactants which increased 
the solubility of PNA's in aqueous solution through 
aggregation and micellization for increased availability 
of PNA's for biological and non-biological attack mechanisms 
through higher aqueous solubilities; the development of a 
more hydrophobic environment through increasing suspended 
solids up to 50,000 - 60,000 mg/1 for attainment of more 
correct conformational alignments for fortuitous 
transformation of BaP and other PNA's; strong reactor mixing 
for maintenance of a homogeneous suspended growth system,
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and the use of adapted microbial consortia which contained 
bacteria, actinomycetes, fungi, protozoa, and nonprotozoan 
fauna.
An examination of the very limited sludge reaction 
kinetics in the literature and comparisons to the 
dissertation research, indicated in all cases that 
continuous flow sludge reactors are substantially more 
efficient in destruction of PNA's than other biological 
alternatives of mixed batch reactors, static batch reactors 
or variations of land treatments. The half-life range for 
benzo (a)pyrene loadings of up to 35, 000 mg/kg in continuous 
sludge reactors was 0.8 - 1.4 days, one mixed batch 
suspended growth study was 2.5 days, and in static soil 
plots was 375 - 1028 days. The research demonstrated that 
the low half-life of BaP and other toxic organic pollutants 
in an optimized process environment, can increase the 
cleanup intensity of biodegradable hazardous wastes in 
contrast to than other biological and non-biological 
alternatives.
The partitioning of benzo(a)pyrene in the reactor 
systems was investigated for both batch and continuous flow 
reactors. The percentage of BaP captured by non-biological 
processes of sorption and entrapment in the suspended solids 
was 10 -20% w/w in batch reactors. The BaP became attached 
to the sterile clay (Fuller's earth and sodium 
montmorillonite) by sorption and entrapment but the dominant 
removal process was aerobic biodegradation which accounted
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for 55 - 60% of the loaded BaP. The continuous sludge 
reactors loading BaP at 1,707 to 34,905 mg/kg showed 
destruction rates of 86-94% w/w and the final reactor 
destruction rate of BaP of 67% w/w is suspect based on all 
other process data.
Nonionic surfactants played a significant role in 
preventing escape of biological substrates (eg., oil, 
BaP) from the suspended growth systems through prevention of 
the formation of clingages which would have removed 
potential substrates from the suspended growth systems.
Finally, it is concluded from the data presented in 
this dissertation, that the enhanced suspended growth 
sludge process is an appropriate candidate for usage with 
high concentrations of hydrocarbon-based pollutant mixtures 
and can be of immense value in bioremediation of listed 
accumulations of these wastes and also can be considered for 
use as an inline cleanup process in petrochemical plants and 
refineries to minimize production of these organic 
pollutants.
CHAPTER X 
RECOMMENDATIONS
The first recommendat ion would be to carry out a 
substantial field test (pilot scale or larger) at a 
hazardous waste impoundment containing hazardous hydrocarbon 
constituents using typical process conditions as described 
in this dissertation. The availability of primary 
macronutrients such as nitrogen and phosphorus should be 
checked to insure maximum biological growth by maintaining a 
C/N/P ratio of 10/5/1. The test may need to be conducted in 
a sealed environment if significant volatile hydrocarbons 
are present but weathered sludges are often biodegraded by 
pit mixing and use of continuous fenceline monitors would 
confirm that no volatiles are escaping from the site. Final 
concentrations of organics if higher than regulatory limits 
may be reduced by use of a non-biological process such as 
addition of clay which will remove polar organics and 
reduce aqueous concentrations. It may be necessary to add 
biodegradable compounds to the continuous system to obtain 
the necessary energy and byproducts for the desired 
fortuitous transformations.
Other areas for research include: investigation of 
other difficult hydrocarbons such as the polychlorinated 
biphenyls and recalcitrant pesticides to determine response 
to this type of suspended growth system.
Low cost energy sources should be examined such as used 
motor oil/ lawn residues, and sawdust which could substitute
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for more expensive petroleum products as biodegradation 
additives. The successful use of either used motor oils 
would solve an existing pollution problem.
It is believed the research performed in this 
dissertation has expanded the horizons for bioremediation 
of hazardous waste sludges and will lead to new frontiers in 
biodegradation to challenge the deluge of new toxic 
anthropogenic compounds released annually into the global 
ecosystem and may now be considered highly bioresistant to 
microbial attack.
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APPENDIX A
CULTURE MEDIA PLATING PROCEDURE FOR SLUDGE REACTORS
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A.l BASAL INORGANIC SALT MEDIA (BISN) FOR CULTURE FOUR 
PLATING METHOD ADAPTED FROM BTiMnmn METHODS tWTHftn 70S. 
19851 FOR USE WITH SLUDGE REACTORS
NaCl 0.15 g <NH4)2S04 4.8 g
CaCl2.2H20 0.15 g MnS04*7H20 0.15 g
FeSO4*7H20 3 drops MnCl2*4H20OP 4 drops
CoCl2*6H20 3 drops CuCl3 2 drops
Na2Mo04*2H20 4 drops H3B03 10 drops
ZnSO4*7H20 3 drops k2h p o4 2.8 g
KH P04 0.15 g VITAMIN MIX 0.03 g
DISSOLVE COMPONENTS IN 1800 ml OF DISTILLED WATER AND 
AUTOCLAVE FOR 15 MIN. @ 121°C 
CONCENTRATIONS OF TRACE NUTRIENT SOLUTIONS
FeSO4*7H20 1 g/100 ml DISTILLED WATER
ZnSO *7H,04 2 5 g/100 ml DISTILLED WATER
CoC12*6H20 5 g/100 ml DISTILLED WATER
CuCl3 1 g/100 ml DISTILLED WATER
Na2Mo04*2H20 1 g/100 ml DISTILLED WATER
h3b o3 1 g/ml DISTILLED WATER
MnCl2*4H20 1 g/100 ml DISTILLED WATER
NOTES: g * grams, ml = milliliters
FORMULATION IS DERIVED FROM BASAL INORGANIC SALT MEDIA 
DESCRIBED IN: 8.5.5 BASAL INORGANIC MEDIA A AND B (MANUAL OF 
METHODS FOR GENERAL BACTERIOLOGY, AM. SOC. FOR MICROBIOLOGY, 
PAGE 131,1984). CITRATE DELETED AND TRACE NUTRIENTS PLUS 
VITAMINS ADDED TO THE FORMULA USED IN THIS DISSERTATION 
RESEARCH.
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A.2 Pour Plato Method for Continuous Sludge Raactora 
Mathod Summary
The modified pour plate count method (MPPC) is a 
variant from methods 907 Heterotrophic Plate Count (by 
spread plating) and 907A Pour Plate Method, both from Stand­
ard Methods (1985). This method has worked very well with 
hazardous waste sludge samples, providing counts within 24 
hours for use as a daily monitoring tool for microbial 
density in high solids continuous flow sludge reactors. 
Spread plating is time-consuming, additional handling 
increases risk of contamination, and incubation times are 
typically longer. Longer incubations encourage spreaders 
plus other foreign contaminations. Sludge reactors will tend 
to operate at lower dissolved oxygen gradients where 
microaerophilie microorganisms play a more important role 
compared to lower solids activated sludge for sewage 
treatment. Hazardous wastes act as toxins to many 
microorganisms and sludge reactor plate counts will be 
lower on average, when compared to activated sludge 
reactors. The spread plate method is limited to sample 
volumes between 0.1 to 0.5 ml and can introduce measurement 
errors when compared to the typical sample size of 1 ml used 
with pour plate methods.
Sample Preparation and Bacterial Dispersion
The sludge reactor sample for plate counts must be 
taken by the same procedure at each sampling. This minimizes 
incorporation of sampling errors in the reduced data.
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Aggregated bacteria samples from sludge reactors must be 
dispersed or final plate counts will be underestimated. The 
author has found that 1 ml samples taken with Eppendorf 
pipets can provide repetitive volume accuracy. Plugging of 
the pipet tip will occasionally result in understated 
volumes and resampling is required. Culture test tubes with 
teflon liners in the screwed tops can be used for the 
dilution series. A droplet of a dispersant (e.g., Tween 80) 
is added to the original sample and is agitated in a vortex 
mixer is used for 30 seconds to thoroughly disperse the 
aggregated fract ion of the microbial culture. Dilutions are 
made immediately from the dispersed sample and this avoids 
re-aggregation.
Sterilisation Procedures
The use of standard procedures such as use of laminar 
flow hoods or working in a clean laboratory is required. 
Nonporous table tops require disinfection prior to plating. 
The dilution tubes are approximately one-half to two-thirds 
filled with BISM or a saline-type solution for prevention 
of cell rupture* The author uses basal inorganic salt media 
as described in the Manual at General Bacteriology (Gerhardt 
et al., 1981). The tops of the filled dilution tubes are 
cracked open and they are placed in a rack in a water bath 
and boiled for one hour. The tops are then closed tightly 
and the tubes are stored at room temperature until required 
for use in a dilution series. Tubes which have level 
changes are discarded. Any tube that fails to demonstrate
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evidence of vacuum-breaking on opening the screw top should 
be discarded. The author prefers Diffco nutrient agar as 
experience has shown that this agar produces more 
consistent plating than others such as yeast extract 
mannitol or tryptone glucose yeast agar when plating 
sludges. Unless a sterilizer is available in the plating 
laboratory, then boiling of the plating agar for two hours 
in an agar bottle has provided excellent results (crack open 
top to release pressure when boiling starts). The screw caps 
on the agar bottles must be tightened down within 5-10 
minutes of cessation of boiling or contamination can occur.
The boiled agar is stored in a bath at 44°C to prevent 
solidification and should always be used the same day. The 
pouring temperature should be as low as possible to minimize 
thermal microbial shock but not below 40°C. Mesophiles have 
their optimum growth rate between 25 - 35°C and capacity to 
grow between 15 - 45°C. Thermophiles do not grow at all 
until a temperature of 45°C is reached (Alexander, 1977). 
Plat* Sica, Agar Pouring and incubation
Large plate sizes (100x15 mm) provide more spread of 
the colony forming units (cfu) and permit better data 
interpretation on high growth plates. Place the 1 ml dilu­
tion series sample in the center of the plate to obtain best 
plating results. Pouring should be accomplished by cracking 
the cover and pouring 10-12 ml of melted agar into the 
center of each plate. Swirling of the plate is not usually 
required. The pouring must take place within 30 minutes of
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sample placements on the sterile plates. Blank and sample 
duplicates should always be used to certify quality 
assurance and control. In laboratories where ambient 
temperature control is precise (1-2°C), the poured plates 
may be inverted and incubated on the lab bench. The author 
has found that 24 hours of incubation at 21 +/- 1°C has 
permitted growth of 95-98% of the colonies. Longer 
incubation times will result in spreaders and increase 
inconsistencies in plate counts. The blanks should be clean 
after 24 hours incubation and more than 1-2 counts is 
reason to suspect that contamination has occurred and 
plates should be trashed. If the cover on any plate is 
opened, then that plate is assumed contaminated and cannot 
be re-incubated. One source of contamination found by the 
author is the potential for contamination of the internals 
of Eppendorf pipets. Care must be taken to smoothly draw and 
discharge samples to avoid liquid contamination between each 
use. Frequent cleaning and sterilization of the Eppendorf 
pipet and use of new sterilized tips for each sample will 
avoid this problem.
Measuring and Reporting Counts
Individual plate counts should approximately match the 
change in dilution series. If a 1/10 or 1/100 change in 
dilution is not reflected in the counts from the respective 
plate, then it can be assumed there was either a dilution 
plating error or an error in sample placement on the 
sterilized plate. It is critical to observe each particulate
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on every plate. Quebec colony counters are not effective 
unless reading plates with many surface colonies and the 
microaerophilic colonies growing in the agar may be missed. 
The use of a 700 power stereo 200m microscope and microscope 
light which can observe either the entire plate or any 
section of the plate is preferred. This will permit accurate 
counting of small discrete surface colonies as well as 
colonies of microaerophilic bacteria growing in the agar. 
This method does not count actinomycetes, fungi, protozoan 
and nonprotozoan fauna. Specific spread plating and live 
count methods can be used for these other groups of 
microorganisms. It does provide a rapid bio-feedback method 
for monitoring the daily microbial density of the sludge 
reactor for execution of process changes for maintenance of 
the desired reactor efficiency. Correlations can be 
developed between other methods such as microbial ATP if 
desired.
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APPENDIX B
DEVELOPMENT Or SECONDARY STANDARDS FOR HIGH RESOLUTION 
CHROMATOGRAPHY INCLUDING DATA PLOTS AND DEVELOPMENT 
LINEAR EQUATIONS FOR PNA'S OF INTEREST
GAS
OF
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B.l PROCEDURE FOR CALCULATION OF BENZO(•)PYRENE AND OTHER 
PNA'S FROM LINEAR EQUATIONS USING SECONDARY PREPARED 
STANDARDS AND DILUTION OR CONCENTRATION FACTORS
B.1.1 LON SECONDARY STANDARD FOR 0.4-0.8 mg/l/d LOADINGS
LINEAR EQUATION
Y = - 0.0086 + 0.000386X---------------------------  (1)
WHERE Y = NANOGRAMS OF BaP,
AND X = PERCENT OF PEAK AREA.
EQUATION FOR BOTH EFFLUENT AND WASTE SOLIDS BASED ON 
ORIGINAL SAMPLE AS mg OF BaP IS:
[ ng (SECONDARY STANDARD) / ul (INJECTION VOLUME)] x ul 
(TOTAL GC:FID SAMPLE) x [ ml (ORIGINAL SAMPLE) / ml (FOR 
SILICA GEL CLEANUP)] x ( mg / (ng xl06)) x 1.14 (TOTAL 
SAMPLE FACTOR).
WHERE ng (SECONDARY STANDARD) = NANOGRAMS BaP CALCULATED 
FROM LINEAR EQUATION FOR THIS SECONDARY STANDARD, 
Ul (INJECTION VOLUME) = MICROLITERS OF SPLITLESS 
INJECTION VOLUME, ul (TOTAL GC:FID SAMPLE) - SIZE OF 
TOTAL REDUCED VOLUME IN MICROLITERS FOR INJECTION TO GAS 
CHROMATOGRAPH, ml (ORIGINAL SAMPLE) - ml TOTAL EXTRACTED 
AND CONCENTRATED SAMPLE FROM EITHER SLUDGE, CLARIFIER 
EFFLUENT, OR WASTE SOLIDS FOR GC:MS OR GC:FID ANALYSIS, 
ml (FOR SILICA GEL CLEANUP) = VOLUME IN MILLILITERS 
USED FOR SILICA GEL POLARITY SEPARATION, (mg/ng xlO6} - 
CONVERSION FROM ng TO mg, AND 1.14 (TOTAL SAMPLE FACTOR) 
ACCOUNTING FOR LOSS OF BaP ACROSS SILICA GEL 
ADSORPTION/DESORPTION COLUMN.
201
B.1.2 HIGH SECONDARY STANDARD FOR 5-100 mg/l/d LOADINGS
LINEAR EQUATION
Y * 0.0077 + 0.0000231X------------------------- (2)
X = PERCENT OF PEAK AREA
EQUATIONS FOR WASTE SOLIDS SAMPLES MUST BE MULTIPLIED BY 
4 AS TWENTY-FIVE PERCENT OF ORIGINAL WASTE SOLIDS SAMPLES 
WERE CONCENTRATED FOR USE WITH SILICA GEL CLEANUP. 
OTHERWISE PROCEDURE TO CALCULATE THE HIGH CONCENTRATION 
SAMPLES IS EXACTLY THE SAME AS THE LOW STANDARD. THE 
MULTIPLICATION FACTOR DOES NOT APPLY TO THE CLARIFIER 
EFFLUENT (LIQUID) SAMPLES AS THE ENTIRE ORIGINAL SAMPLES 
WERE USED.
ALL PLOTS OF THE SECONDARY STANDARD EQUATIONS ARE 
SHOWN IN THE FOLLOWING FIGURES.
FIGURE B.l - BENZO(a)PYRENE - HIGH SECONDARY STANDARD
FIGURE B.2 - BENZO(a)PYRENE - LOW SECONDARY STANDARD
FIGURE B.3 - BENZO(a)ANTHRACENE/CHRYSENE SECONDARY STANDARD
FIGURE B.4 - FLUORANTHENE SECONDARY STANDARD
FIGURE B.5 - FLUORENE SECONDARY STANDARD
FIGURE B.6 - 2-FLUOROBIPHENYL SURROGATE STANDARD
FIGURE B.7 - NAPHTHALENE SECONDARY STANDARD
FIGURE B.8 - PHENANTHRENE/ANTHRACENE SECONDARY STANDARD
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B.2 LINEAR EQUATIONS FOR ALL SECONDARY STANDARDS ARE SBONN
IN TABLE B-l
TABLE B.l
LINEAR EQUATIONS FOR SECONDARY STANDARDS
BENZO(a)ANTHRACENE/CHRYSENE
Y = - 0.0066 + 0.000366X, R-SQUARED - 0.985 
BENZO(a)PYRENE - LOW STANDARD
Y - - 0.0036 + 0.001567X, R-SQUARED - 0.946 
BENZO(a)PYRENE - HIGH STANDARD
Y = 0.0077 +0.000231X, R-SQUARED = 0.969
FLUORANTHENE
Y = 0.0089 + 0.000276X, R-SQUARED = 0.982
FLUORENE
Y = - 0.0049 + 0.000525X, R-SQUARED * 0.998 
2-FLUOROBIPHENYL
Y = 0.0091 + 0.000867X, R-SQUARED » 0.988
NAPHTHALENE
Y = 0.000052 + 0.0 00954X, R-SQUARED = 0.994
PHENANTHRENE/ANTHRACENE
Y = 0.0088 + 0.000495X, R-SQUARED = 0.999
WHERE Y * NANOGRAMS OF COMPONENT, X - PERCENT OF PEAK 
AREA, PRIMARY STANDARD FOR HIGH BaP RUNS AND OTHER PNA'S IS 
RESTEK MIX # 5, AND PRIMARY STANDARDS FOR LOW BaP RUNS 
INCLUDE OTHER STANDARDS S100, N105, & H522.
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B.3 CALIBRATION OT 16 PNA' S IN RESTEK - PRIMARY 8TANDARD
Table B.2 shows calibration runs on Restek Mix #5 
standard, conditions, and capillary column description.
TABLE B-2
Testing of Restek Cellbretlon Mix # 5 for Identificetlon of 
Folycyclic Aromatic Hydrocarbons using High Resolution Gas 
Chromatography with Chromatograph Hewlett Packard 77BOA with
3390A Reporting Integrator
run ♦ 1
injection volume 1 ul
component peak time temperature
min degrees C 
naphthalene 6.72 175-177
acenaphthylene 10.78 180-181
fluorene 11.92 194-196
phenanthrene 14.06 220-221
anthracene 14.27 222-223
fluoranthene 16.82 253-254
pyrene 17.29 258-259
benzo (a)anthracene
20.24 292-294
chrysene 20.35 294-296
benzo(b)fluoranthene
22.54 321-322
benzo(k)fluoranthene
22.56 322-324
run ±2 
2 ul
peak time temperature 
min degrees C 
6.66 174-176
10.72 180-181
11.87 194-196
14.02 220-221
14.16 221-222
16.76 252-253
17.25 257-258
20.20
20.33
22.52
22.54
293-294
294-296
321-322
322-324
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benzo (a)pyrene 23.17 328-330 23.10 327-32 9
indeno(1,2,3cd)pyrene
25.25 345 25.29 345
NOTES:
Column characteristics include: capillary column type 
Durabond 5 (fused silica), length 30 meters, film thickness 
0.25 micrometers, column internal diameter (i.d.) 0.25
millimeters, and helium carrier gas 20 cm/sec.
Column parameters include: splitless injection mode 
with flame ionization detector (FID), initial column 
temperature set at 75°C for 2 min., then programmed at 
12°C/min. to 345°C, and held for 3 min at 345°C. All 
components in Restek sample mix at concentration of 550 
micrograms per milliliter.
B. 4 MEASUREMENT OF BaP LOSS ACROSS SILICA GEL COLUMN
Table B.3 shows benzo(a)pyrene loss measured across the 
silica gel adsorption/desorption cleanup column and 
calculation procedure of the total sample factor (TSF).
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LOSS OF BENZO(•)PYRENE FEEDING A 3.0 mg SAMPLE IN DICHLORO- 
METHANE DIRECT TO GC:FID AND FEEDING A 3.0 ag R*P 
SAMPLE THROUGH VIA SILICA GEL CLEANUP BEFORE GC:FID
REPETITIVE SAMPLES SILICA GEL GCiFID ONLY
CLEANUP + GC:FID
AAA 1 . 87 2.60
AAB 1.80 2.33
AAC 2.08 2 . 90
AAD 2.80 2. 91
AAE 2. 90 3. 60
AAF 2.60 2.7
BBA 2.50 2.50
BBB 2.5 2 . 90
BBC 2.60 3.30
BBD 3.9 3.5
BBE 2. 90 2.30
BBF 2.4 2.8
TOTALS 2.57 2.86
BaP LOSS 0.14 0.05
SILICA GEL ONLY 0.10 X
GC:FID LOSS ONLY X 0.04
TOTAL SAMPLE FACTOR (TSF) = 1.14 FOR ALL SAMPLES
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B .5 DETECTION LIMITS FOR BaP FOR P E R K IN-ELMER LAMBDA 4B 
UV-VIS SPECTROPHOTOMETER AND HENLETT PACKARD 77 90A GAS 
CHROMATOGRAPH WITH FLAME IONIZATION DETECTOR
Detection Limit for extraction using solvent 
dichloromethane was 100 ug/1 using the uv-vis 
spectrophotometer. Extractions, however, were continued 
until fluorescent color was not visible and all extractable 
material was volume-reduced in kuderna-danish concentrators.
The 30 meter Restek capillary column for the gas 
chromatograph was designed for a minimum to maximum flow 
range of 100 - 150 ng of sample injection with optimum 
sample size 2 - 5 ul. The minimum capacity was based on 
sample detection and the maximum volume prevented column 
overload and loss of resolution with respect to the analyte 
introduced. Column overloading is usually noted as a peak 
with a leading edge (fronting or shark-fin peak ) . 
The chromatograph detection system used in the dissertation 
for the high capacity BaP testing which included flame 
ionization detector, and reporting 3390A Hewlett Packard 
integrator, was sensitive to 100 ng of BaP and produced 
repeatable response factors.
211
APPENDIX C
RETENTION OF BENZO(a)PYRENE IN OVERHEAD TRAPPING SYSTEMS 
AND ON REACTOR SURFACES AS SCUMS AND CLINGAGES
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C.l RETENTION OF BaP IN OVERHEAD TRAPS AND CLINGAGES
The surface clingage and overhead recovery of BaP in 
reactors for all high BaP runs is shown in Table C.l.
TABUS C.l
RETENTION OF BENZO(a)PYRENE IN POLYURETHANE TRAPS IN REACTOR 
OVERHEAD SYSTEMS, AND CLINGAGES FROM REACTOR SURFACES FOR 
CONTINUOUS FLOW SLUDGE REACTORS FEEDING 1700-35000 mg/kg
milliarams/l/d BaP
REACTORS A B C D
SURFACE CLINGAGE 0.03 0.01 0.01 0 .10
PUF TRAPS - OVERHEAD 0.02 0.00 0.03 0.00
TOTAL PER REACTOR 0.05 0.01 0.04 0.10
GROSS BaP LOADING 5.00 5.00 10.0 10.0
NET BaP LOADING 4 . 95 4 . 99 9. 96 9. 90
E F G H
SURFACE CLINGAGE 0.45 0.13 0.79 1.78
PUF TRAPS - OVERHEAD 0.00 0.01 0.00 0.00
TOTAL PER REACTOR 0.45 0.14 0.79 1.78
GROSS BaP LOADING 25.00 50. 00 75.00 100.0
NET BaP LOADING 24 .55 49.66 74 .21 98.22
NOTES: NET VALUES ARE USED THROUGHOUT THE REPORT AS SMALL 
QUANTITIES OF CLINGAGES AND PUF TRAP CAPTURES ARE ASSUMED 
UNAVAILABLE TO MICROBIAL ATTACK.
The percentages of surface clingage and overhead
213
recoveries from PUF/water wash traps are shown in Table C.2.
Table c.2
BaP SURTACE CLINGAGE AND ENTRAINMENT IN THE PUT TRAPS FROM 
SLUDGE REACTORS LOADING HIGH CONCENTRATION BaP FROM 1700 -
35000 mg/kg OF DRY FEED SOLIDS
SURFACE CLINGAGE % w/w ON BaP LOADINGS
REACTOR A B C D E F G H
0.6 0.2 0.1 1.0 1.0 0.3 1.1 1.8
OVERHEAD SYSTEM ENTRAINMENT % w/w ON BaP LOADINGS
A B C D E F G H  
0.4 0.2 0.4 0 0 0.1 0 0
TOTAL 1.0 0.4 0.5 1.0 1.8 0.4 1.1 1.8
It is noted that the wall overall average of all clingages 
was 1.7% w/w and the average of the 4 lowest reactors 
(loading 1700-3500 mg/kg) was 0.4% w/w while the 4 highest 
reactors (8700-35000 mg/kg) averaged 1.3% w/w. The 
overhead entrainment was an average of 0.4% w/w from all 
reactors and this represented a controllable quantity. The 
average clingage was 0.5% w/w for the reactors loading 1799- 
3500 mg/kg and approximately double at 1% w/w for the 
reactors loading 8700-35000 mg/kg. The clingages and 
overhead entrainments were factored out of the reactor 
loading as these categories represented BaP that was not 
available for microbial growth.
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APPENDIX D
BIOLOGICAL HALT-LIFE DATA COMPARISONS FOR STATIC AND 
CONTINUOUS SYSTEMS FOR PNA' S NAPHTHALENE, FLtJORENE, 
FLUORANTHENE, AND PHENANTHRENE/ANTHRACENE
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D.l HALT- LIFE DATA FOR FNA' S NOT SHOWN IN MAIN REPORT
The half-life comparisons between static soil systems, 
static liquid batch reactors, mixed batch reactors, and 
sludge reactors are shown as follows: Figure D.l - Half-life 
for naphthalene, Figure D.2 - Half-life for fluorene, Figure
D.3 - Half-life for fluoranthene, Figure D.4 - Half-life for 
phenanthrene and anthracene mixtures.
Naphthalene half-life in the continuous sludge reactor 
was 0.1 days versus 0.4 days in activated sludge, and 0.B 
days in soil plots. This PNA is the most biodegradable of 
the EPA listing of 16 high molecular weight PNA's (EPA, SW 
846, Vol. IB, two, 1986, I.e. 27). Fluorene half-life was 
about 0.15 days in sludge reactors versus 5 days in static 
batch reactors, and 50 days in soil plots. Fluoranthene 
half-life was about 0.25 days in continuous sludge reactors 
versus 1.2 - 1.4 days in mixed batch or static batch
reactors. The half-life of mixtures of phenanthrene and 
anthracene varied from 0.17 days in a continuous sludge 
reactor, 2.9 days in a mixed batch reactor, 1.1 - 4.6 days 
in static liquid batch reactors to 12.2 - 330 days in static 
soil plots.
216
10*
S
2  to1
lof*
10*
typa I - soil plota
type 1 - static liquid batch itaetora
typa S - activated aludge
typ* t • eontlnuou* itu^gc 
reactor*
FIGURE D.l HALF-LIVES SHOWN FOR NAPHTHALENE FOR 
TYPE 1 AND TYPE 2 EXPERIMENTAL CONFIGURATIONS
>■<
a
_  •
type 1 • toil plot
typa 1 - static liquid batch reactor
typa I • oontinuous sludge 
reactors
FIGURE D.2 HALF-LIVES SHOWN FOR FLUORENE FOR TYPE 1 
AND TYPE 2 EXPERIMENTAL CONFIGURATIONS
typ* 1 (Utle soil plot
101
10*
10•l
typ* 1 static liquid batch raaetor 
typa 1 ■ I r i i  fciteh w r to f  
typa S wmllnuau* d v d p  raaetor
FIGURE D3 HALF-LIVES SHOWN FOR FLUORANTHENE FOR 
TYPE 1 AND TYPE 2 EXPERIMENTAL CONFIGURATIONS
co
>*
Efa
CODE
1-4 STATIC PLOTS 
STATIC LIQUID 
BATCH REACTORS 
BOXED BATCH REACTOR 
CONTINUOUS 
SLUDGE REACTOR
1 2  3 4
FIG U R E D.4 HALF-LIVES FO R ANTHRACENE AND 
PHENANTHRENE FO R TYPE1 AND TYPE 2 STUDIES
GLOSSARY
218
219
GLOSSARY
G.l Process Terminology
EOR End of Run
HRT Hydraulic Residence Time
OHS Oil-rich High Solids (Sludge)
SOR Start of Run
SRT Solids Residence Time
TSS Total Suspended Solids
API American petroleum Institute
G.2 Chemical Formulas and Terminology 
BaA Benzo (a)anthracene
BaP Benzo(a)pyrene
BbF Dibenzo (b)fluoranthene
BP Boiling Point
BOD Biochemical Oxygen Demand
CMC Critical Micelle Concentration
COD Chemical Oxygen Demand
C02.C Equivalent Reaction C02 Reported as Carbon
DahA Dibenzo(a,h)anthracene
DNA Deoxyribonucleic Acid
HMWP High Molecular Weight Polymers
MPPC Modified Pour Plate Counts
MW Molecular Weight
PAH Polyaromatic Hydrocarbon
PCA Polycyclic Aromatic
PNA Polynuclear Aromatic
PPC Pour Plate Counts
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SPC Standard Plate Counts
G.3 Soil Terminology
DOM Dissolved Organic Matter
In Situ In Place or On Site
OC Soil Organic Carbon
OM Soil Organic Matter
G.4 Regulatory Abbreviations
BAT Best Available Technology
CCL Constituent Concentration Limit
CERCLA Comprehensive Environmental Response,
Compensation, and Liability Act of 1980.
DOE Department of Energy
EPA Environmental Protection Agency or USEPA
NPL National Priorities List
OERR Office of Emergency Response
OSWER Office of Solid Waste and Emergency Response
OTA Office of Technology Assessment
RCRA Resource Conservation and Recovery Act
SARA Superfund Amendments and Reauthorization Act
of 1986.
SW-846 Solid Waste Manual (3rd. Ed., 1986, by OSWER)
RCRA Resource Conservation and Recovery Act
G .5 instrument Terminology
GC/FID Gas Chromatography/Flame Ionization Detection 
GC/MS Gas Chromatography/Mass Spectrometry
HPLC High Performance Liquid Chromatography
HRGC High Resolution Gas Chromatography
Response Factor (Gas Chromatography) 
Relative Standard Deviation
VITA
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